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ABSTRACT 

A thermally i n t e g r a t e d  30-cm LM cathode t h r u s t e r  and a 
20-cm t h r u s t e r  employing an e x t e r n a l l y  coozed LM cathode have 
been developed under Contract  JPL  952131 along with an LM 
cathode n e u t r a l i z e r  and components of a liquid-mercury feed 
system. Over-all  e f f i c i e n c y  q = 72.6% i s  achieved by t h e  T 30-cm LM cathode t h r u s t e r  system a t  beam c u r r e n t  I = 1.155 A 

cludes a s i n g l e - c a p i l l a r ~ ~ f ~ 6  thermally i n t e g r a t e d  LM cathode, 
a liquid-mercury high-voltage i s o l a t o r ,  an EM pump, and an LM 
cathode n e u t r a l i z e r .  When f u l l y  optimized, t h e  t h r u s t e r  achieves 
a mass u t i l i z a t i o n  e f f i c i e n c y  q m  = 84% with a t o t a l  source 
energy pe r  i o n  V = 250 eV/ion. The LM cathode reaches 
normal ope ra t ing  gemperature ('L 2OO0C) by a balance between 
discharge hea t ing  and cool ing by r a d i a t i o n  from t h e  t h r u s t e r  
body. The LM cathode n e u t r a l i z e r  opera tes  a t  a mass flow 
f r a c t i o n  3% with a t o t a l  coupling vo l t age  t o  t h e  beam 
c o l l e c t o r  % 30 V. ( N o  t r a c e  of e ros ion  due t o  t h e  neu t r a l -  
i z e r  has  been observed a f t e r  50 hours of opera t ion . )  With 
t h e  20-cm t h r u s t e r ,  n e u t r a l  f low-rate equiva len t  ( Ia) w a s  
t h r o t t l e d  ( a t  a beam vol tage  VB = 2 kV) from 760 mA t o  4 1 4  mA 
with a f ixed  r a t i o  of discharge c u r r e n t  t o  beam cur ren t  
I /IB = 1 0 .  
f%ow rate wi th in  t h e  range 78% < rl c 9 2 % ,  and q m  reached 
i t s  maximum a t  Ia = 540 mA. I n  a r a % a l - f i e l d  conf igura t ion ,  
t h e  20-cm t h r u s t e r  generated a beam IB = 1 A 
with Vs = 356 eV/ion a t  q m  = 98%. 

and s p e c i f i c  impulse Is = 3990 sec. The sys  a e m  in-  

Mass u t i l i z a t i o n  e f f i c i e n c y  va r i ed  with n e u t r a l  

a t  VB = 2 kV 
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SECTION I 

INTRODUCTION AND SUMMARY 

Upon completion of t h e  subject c o n t r a c t  e f f o r t ,  a major 
milestone has  been reached with t h e  demonstration o f  e f f i c i e n t  
opera t ion  of a 30-cm therma-lly integra&ed.Liquid-me 
cathode t h r u s t e r .  I n  i t s  thermally i n t e g r a t e d  conf igura t ion ,  
t h e  LM cathode i s  maintained a t  normal ope ra t ing  temperature 
by a balance between discharge hea t ing  and.. cool ing by r a d i a t i o n  
from t h e  t h r u s t e r  body. The l e v e l  of - technology demonstrated 
under t h e  c u r r e n t  e f f o r t  has been e s t a b l i s h e d  during a contin- 
uing program of LM cathode research  and development which 
s t a r t e d  with t h e  invent ion  of t h i s  cathode type i n  1962." The 
c u r r e n t  program b e n e f i t t e d  ex tens ive ly  from p r i o r  experimental  
advances i n  t h e  opera t ion  of t h r u s t e r s  with oxide-coated cath- 
odes a t  t h e  Jet Propulsion Laboratory (JPL)  and t h e  L e w i s  
Research Center (LeRC) , and from e a r l i e r  work a t  t h e  Hughes 
Research Labora tor ies  ( H R L )  wi th  ion  t h r u s t e r s  employing both 
oxide-coated and LM cathodes.  

The LM cathode i s  a force-fed l iquid-metal  pool cathode 
which i s  g r a v i t y  independent.  The volume of l i q u i d  metal  which 
i s  exposed t o  t h e  discharge i s  s u f f i c i e n t l y  small  t h a t  i t  is  
ab le  t o  maintain i t s  i n t e g r i t y  by cohesive f o r c e s ,  and it i s  
he ld  i n  p l ace  by adhesive attachment t o  a pool-keeping s t r u c -  
t u r e  which i s  placed wi th in  t h e  s o l i d  metal  cathode body. I n  
the  i o n  t h r u s t e r  a p p l i c a t i o n  of t h i s  cathode, removal of mercu- 
ry  atoms from t h e  l i q u i d  mercury su r face  i s  used t o  feed ex- 
p e l l a n t  i n t o  t h e  discharge chamber. The most favorable  r e s u l t s  
have been obtained with molybdenum pool-keeping s t r u c t u r e s  of 
divergent-nozzle geometry. A major advantage of t h e  divergent  
geometry i s  t h a t  i t  automatical ly  s t a b i l i z e s  the l i q u i d  metal  
su r f ace  a t  t h a t  l e v e l  i n  t h e  pool-keeping s t r u c t u r e  a t  which 
t h e  rate of removal of metal  atoms from t h e  pool su r face  i s  
exac t ly  balanced by t h e  e x p e l l a n t  feed rate t o  t h e  pool ,  which 
i s  set  a t  t h e  value d e s i r e d  f o r  t h r u s t e r  opera t ion .  Should t h e  
su r face  move downstream of i t s  equi l ibr ium p o s i t i o n ,  t h e  in- 
creased a rea  of t h e  pool  su r face  r e s u l t s  i n  an increased  r a t e  

* 
W.O. Eckhardt,  "Liquid-Metal A r c  Cathode with Maximized 
Electron/Atom Emission Rat io ,"  U.S. Pa ten t  pending. 
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evaporat ion of m e t a l  atoms, thereby r e tu rn ing  t h e  exposed sur-  
face  toward i t s  equi l ibr ium p o s i t i o n .  Should t h e  l e v e l  recede 
from i t s  equi l ibr ium va lue ,  t h e  r e s u l t a n t  decreased rate of 
evaporat ion l ikewise  acts7 t o  stabiLjLiee t h e  level. 

During preceding c o n t r a c t s ,  components of t h e  t h r u s t e r  sys- 
t e m  have each undergone sepa ra t e  development. Under Contract  
NAS 3-6262 t h e  f e a s i b i l i t y  0.4 LM.oa&h:ode t h r u s t e r  l i E e  i n  excess 
of 
equipped with a c i r c u l a r  LM cathode was success fu l ly  t e s t e d  f o r  
an accumulated 4,000 hours.  Following- t h i s  tes t ,  no e ros ion  of 
t h e  molybdenum cathode s t r u c t u r e  was ev iden t ,  and no, degradat ion 
of cathode performance had occurred. Furthermore, remarkable 
t i m e  invar iance  of cathode and t h r u s t e r  c h a r a c t e r i s t i c s  was 
demonstrated. I n  a 500-hour ex tens ion  of t h e  same- . l i fe  t es t ,  
t he  LM cathode n e u t r a l i z e r  demonstrated a l i f e t i m e -  c a p a b i l i t y  
much i n  excess of t h a t  per iod  of t i m e .  

lo4 hours w a s  demonstrated- a t  HRL,  where. a 20-cm t h r u s t e r  

Development of high-temperature LM cathodes began a t  HRL 
under Contract  NASW-1404 a f t e r  i t  became apparent  from thermal 
ana lys i s  t h a t  combining t h r u s t e r s  i n  p e r i p h e r a l  o r  c l u s t e r e d  
a r rays  r e s u l t s  i n  t h e  requirement f o r  an equi l ibr ium t h r u s t e r -  
s h e l l  temperature on t h e  o rde r  of 2 O O O C  f o r  the  opera t ion  of 

electron-bombardment ion  t h r u s t e r  where h e a t  r e j e c t i o n  i s  
accomplished by r a d i a t i o n  from t h e  t h r u s t e r  s h e l l  alone.  Thus, 
LM t h r u s t e r  cathodes r e j e c t i n g  waste h e a t  from the  t h r u s t e r  
s h e l l  must ope ra t e  a t  a temperature on t h e  order  of 200OC. 
Operation of LM cathodes a t  high temperature has s t r e s s e d  t h e  
use of an annular  r a t h e r  than c i r c u l a r  geometry f o r  t h e  pool- 
keeping s t r u c t u r e .  The r a t i o  of t h e  mercury pool per imeter  t o  
t h e  discharge c u r r e n t  i s  much g r e a t e r  f o r  t h e  former geometry 
than f o r  t h e  l a t t e r ,  so t h a t  t h e  annular  cathode can m o r e  e a s i l y  
d i s s i p a t e  discharge h e a t  l o s s e s  from t h e  mercury pool.  An annu- 
l a r  LM cathode developed under Contract  NASW-1404 w a s  capable of 
opera t ing  a t  a cathode body temperature = 3OOOC with a spe- 
c i f i c  h e a t  load from t h e  discharge Vx,th 2.7.5 W0A-l. 

Under t h e  subject c o n t r a c t ,  t h e  magnetic f i e l d  configura- 
t i o n  of an already e x i s t i n g  20-cm diameter t h r u s t e r  w a s  modified 
t o  resemble ( t o  a f i r s t  approximation) t h a t  of t h e  15-cm diam- 
eter LeRC SERT I1 t h r u s t e r .  Using t h e  e x i s t i n g  low-perveance 
ion  e x t r a c t i o n  system, t h e  modified t h r u s t e r  has  been operated 
a t  a beam vol tage  V, = 6 kV (I  p,eff = 6 ,600  sec) t y p i c a l l y  a t  
a beam c u r r e n t  I = 550 mA w i t R  a t o t a l  source energy pe r  ion  
Vs = 250 eV/ion* :t a m a s s  u t i l i z a t i o n  e f f i c i e n c y  11, = 85%. 

* 
V t h e  t o t a l  source energy pe r  i o n ,  i s  t h e  discharge energy pe r  
i&, because no h e a t e r ,  vapor izer ,  o r  keeper power i s  requi red  
with t h e  LM cathode. 
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Without f u r t h e r  modi f ica t ion ,  t h e  same 20-cm t h r u s t e r  has  also 
been opera ted  a t  a beam vol tage  V = - 2 = k V  (Is eff = 3590 sec) 
t y p i c a l l y  a t  a beam c u r r e n t  IB = 380 mA wi th  &e t o t a l  source  
energy pe r  i o n  V = 280 eV/ion a t  a mass- u t i l i za - t ion  e f f i c i e n c y  
‘m 

For i n t e r p l a n e t a r y  missions u t i l i z i n g  s o l a r - e l e c t r i c -  
propuls ion ,  it i s  necessary t o  vary t h e  power consumption of 
i nd iv idua l  t h r u s t e r s  t o  match t h e  s o l a r  pane l  ou tput .  A t  a 
given s p e c i f i c  impulse,  t h e  magnitude of t h e  beam c u r r e n t  can 
be t h r o t t l e d  below i t s  nominal value by decreas ing  t h e  mercury 
f l o w  ra te .  Under t h i s  c o n t r a c t ,  t h e  c a p a b i l i t y  of ion-beam 
t h r o t t l i n g  has  been demonstrated wi th  t h e  20-cm LM cathode 
t h r u s t e r .  A t  a beam vol tage  V = 2 kV, t h e  i o n  beam c u r r e n t  
(I 1 was t h r o t t l e d  from IB = 580 mA t o  IB = 320 mA. 
r a a i o  of d i scharge  t o  beam c u r r e n t  he ld  cons t an t  a t  IK/I = 1 0  
throughout t h i s  v a r i a t i o n ,  t h e  beam c u r r e n t  increased  wi?h in-  
c reas ing  n e u t r a l  f low-ra te  equiva len t  (Ia) such t h a t  t h e  mass 
u t i l i z a t i o n  e f f i c i e n c y  (qm = IB/I ) var i ed  between 78% and 9 2 % ,  
with t h e  m a x i m u m  q m  occurr ing  a t  Ia = 540 mA. 

On t h e  b a s i s  of t h e  opera t ing  exper ience  gained wi th  t h e  
20-cm t h r u s t e r ,  s u f f i c i e n t  information w a s  generated f o r  the  
development of a 30-cm LM cathode t h r u s t e r  which combines t h e  
proven experimental  advances i n  d ischarge  chamber e f f i c i e n c y  
with t h e  f e a t u r e s  of thermal i n t e g r a t i o n  of t h e  L M  cathode, low 
s p e c i f i c  impulse opera t ion ,  and l o w  ove r -a l l  weight. This  
t h r u s t e r  weighs approximately 6 kg and incorpora tes  a high- 
temperature LM cathode, a thermally conductive aluminum back- 
p l a t e ,  and a 0 .076  c m  t h i ck  screen  e l ec t rode  with 68% open area; 
the  accel e l e c t r o d e  i s  0.254 c m  t h i c k .  I n  t h e  thermally i n t e -  
g ra t ed  conf igura t ion ,  t h e  LM cathode body temperature  i s  main- 
t a i n e d  a t  2 0 0 ° C  by a ba lance  between d ischarge  hea t ing  and 
cool ing  by r a d i a t i o n  from t h e  t h r u s t e r  s h e l l .  Operating a t  a 
beam vol tage  V 
cha rac t e r i zed  gy a source  Energy p e r - i o n  Vs = 250 eV/ion a t  a 
m a s s  u t i l i z a t i o n  e f f i c i e n c y  q = 85% and a beam c u r r e n t  IB = 
1.35 A.  

S = 80%. 

With t h e  

= 2 kV (Is = 3800 sec) , t y p i c a l  performance i s  

m 

Under a previous c o n t r a c t  (Cont rac t  NAS 3-9703) a 15-cm 
hollow-cathode t h r u s t e r  w a s  opera ted  wi th  a predominantly r a d i a l  
magnetic f i e l d  conf igura t ion .  On t h e  b a s i s  of t h e  performance 
of t h a t  t h r u s t e r ,  a 20-cm r a d i a l - f i e l d  t h r u s t e r  using an LM 
cathode w a s  assembled and t e s t e d  as p a r t  of t h e  c u r r e n t  e f f o r t .  
The ion  e x t r a c t i o n  e l ec t rodes  , electromagnets  , and o u t e r  body of 
t he  e x i s t i n g  20-cm t h r u s t e r  se rved  as a b a s i c  s t r u c t u r e ,  which 
w a s  modified by t h e  add i t ion  of s u i t a b l e  components t o  e s t a b l i s h  
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t h e  r a d i a l - f i e l d  conf igura t ion .  A t  a beam vol tage VB = 2 k V  
( I s p , e f f  = 4 , 4 0 0  s e c ) ,  a beam c u r r e n t  IB = 1 A w a s  obtained a t  
a mass u t i l i z a t i o n  e f f i c i e n c y  of qm = 98% with a t o t a l  source 
energy pe r  i on  Vs = 353 eV/ion. 

Developnent of L’PI cathode t’nrus ters has  been complemented 
by a program of research  and development of t h e  o t h e r  compo- 
nents  necessary f o r  a complete t h r u s t e r  system. An LM cathode 
n e u t r a l i z e r  has been operated (under labora tory  condi t ions)  a t  
an electron-to-atom r a t i o  Ke/Ka ’L 200 wi th  a c u r r e n t  of 1 .9  A 
and a diode discharge vol tage  < 30 V. I n  conjunct ion with 
t h r u s t e r  ope ra t ion ,  t h e  LM cathode n e u t r a l i z e r  has  been oper- 
a t e d  t y p i c a l l y  with a mass flow f r a c t i o n  of Q 3% and a t o t a l  
coupling vol tage  (i .e. ,  coupling vol tage  t o  t h e  beam collector) 
of 30 V. N o  t r a c e  of e ros ion  of e i t h e r  t h e  n e u t r a l i z e r  o r  t h e  
accel e l e c t r o d e  has been observed a f t e r  50 hours of t h r u s t e r  
opera t ion .  “echniques have been f i rmly  e s t a b l i s h e d  f o r  t h e  de- 
s i g n  and f a b r i c a t i o n  of high-temperature annular  LM cathodes 
f o r  discharge chamber a p p l i c a t i o n s .  A t  a cathode body tempera- 
t u r e  T = 2OO0C,  t h e  q u a n t i t y  of h e a t  de l ive red  by t h e  d is -  
charge Eo such cathodes i s  s u f f i c i e n t l y  s m a l l  (3.8 W/A discharge)  
t o  permit  i t s  r a d i a n t  d i s s i p a t i o n  from t h e  s h e l l  of a l i g h t  
weight t h r u s t e r .  YJsing a l iquid-mercury high-voltage i s o l a t o r ,  
s a t i s f a c t o r y  LM cathode discharge opera t ion  has  been demonstrated 
under condi t ions  of high vol tage  i s o l a t i o n  a t  up t o  4 . 5  kV. A 
s i n g l e - c a p i l l a r y  mercury flow impedance has  been developed; l i q u i d  
mercury f low-rate  equiva len t  can b e  va r i ed  continuously from 50 mA 
t o  5 A by changes i n  mercury d r i v i n g  p res su re .  



SECTION I1 

THERMAL INTEGRATION OF THE LM CATHODE 

Within t h e  p a s t  s e v e r a l  months, a m a j o r  milestone i n  t h e  
development of LM cathode t h r u s t e r s  has been reached with t h e  
demonstrated e f f i c i e n t  opera t ion  of a 30-cm t h r u s t e r  with a 
thermally i n t e g r a t e d  LM cathode. The b a s i c  f e a t u r e s  of a 30-cm 
thermally i n t e g r a t e d  LM cathode t h r u s t e r  design are displayed 
schematical ly  i n  Fig.  1. When thermally i n t e g r a t e d  with t h e  
body of t h e  t h r u s t e r ,  t h e  LM cathode achieves thermal equi- 
l ib r ium through a balance between discharge hea t ing  and cool ing 
by r a d i a t i o n  from t h e  t h r u s t e r  body. 

A q u a n t i t y  of thermal power (PX,th! i s  l o s t  t o  t h e  LM cath- 
ode from t h e  discharge i n  normal operat ion.  This power has been 
measured and found t o  be p ropor t iona l  t o  discharge c u r r e n t  (IK) , 
a r e l a t i o n s h i p  which gives  rise t o  t h e  d e f i n i t i o n  of a quan t i ty  
V ~ , t h  = P K , ~ ~ / I K ,  t h e  s p e c i f i c  thermal load. A s  shown i n  Fig.  2 
t h e  s p e c i f i c  thermal load of a t y p i c a l  high-temperature LM cath- 
ode v a r i e s  with t h e  opera t ing  temperature (TK) of t h e  cathode 
body. For an electron-to-atom r a t i o  K /Ka = 6.3 (corresponding 
t o  a r a t io  of d i scharge  t o  beam currenE I K / I B  = 7,  t y p i c a l  of 
t h a t  requi red  t o  opera te  t h e  30-cm LM cathode t h r u s t e r  a t  a mass 
u t i l i z a t i o n  e f f i c i e n c y  q m  = 9 0 % )  , t h e  s p e c i f i c  thermal load has 
a value V ~ , t h  = 3.8 W/A a t  a cathode body temperature TK = 2OOOC. 
For t h e  t h r u s t e r  opera t ing  a t  a beam c u r r e n t  IB = 1 A,  t h e  cath- 
ode hea t ing  power i s  PKrth = 27 W. S i n c e  t h i s  thermal power is 
small  compared with t h e  t o t a l  source power of 270 W ( r e s u l t i n g  
from t h e  source energy p e r  i o n  Vs = 270 eV/ion a t  q m  = 9 0 % )  , 
r a d i a n t  d i s s i p a t i o n  t o  space of cathode h e a t  i s  accomplished 
r e a d i l y  so long a s  t h e  t h r u s t e r  su r f aces  which r a d i a t e  t h i s  cath- 
ode h e a t  are n o t  coupled t o o  s t rong ly  w i t h  those r a d i a t i n g  t h e  
remaining loss p o r t i o n  of t h e  source power. The design shown 
i n  Fig.  1 accomplishes t h e  goa l  of decoupling t h e  s e p a r a t e  h e a t  
sources  by c o l l e c t i n g  t h e  bulk of t h e  source power on thermally 
conducting anode su r faces  and d i s s i p a t i n g  the  anode h e a t  d i r e c t -  
l y  by r a d i a t i o n  t o  space from an e x t e r n a l  anode connector which 
has only weak thermal coupling with t h e  remainder of t he  t h r u s t e r  
body. 

The anode i s  a t t ached  t o  an e x t e r n a l  connector by a series 
of leadthroughs c o n s i s t i n g  of s h o r t  aluminum rods which pass 
through i n s u l a t i n g  ceramic s l eeves .  These leadthroughs se rve  
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E1050-IR2 

Fig. 1. Schematic drawing of t h e  30-cm thermally i n t e g r a t e d  LM 
cathode t h r u s t e r .  
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Fig. 2. Dependence of the specific thermal load (VK th) on 
cathode temperature (TK) for high-temperatufe LM 
cathode K-25-V. 
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t h e  dua l  purpose of connect ing t h e  anode t o  t h e  e x t e r n a l  elec- 
t r i c a l  c i r c u i t s ,  whi le  a l s o  pass ing  on.  t o  t h e  e x t e r n a l  connector 
t h e  d ischarge  h e a t  which i s  de l ive red -  t o  t h e  anode. The anode 
hea t  (P ) (which has  been assumed t o  c o n s t i t u t e  t h e  major 
f rac t ioh '%? t h e  t o t a l  source power) i s  d iss ipa ted ;  by r a d i a t i o n  
t o  space from t h e  o u t e r  su r f ace  of t h e  e x t e r n a l  anode connector 
and through t h e  ape r tu re s  of t h e  i o n  e x t r a c t i o n  system. 

The cathode h e a t  (Pp , th  9 passes  €rom.the moLybdenum body of 
t he  LM cathode d i r e c t l y  i n t o  t h e  aluminum backpla te  of t h e  
t h r u s t e r .  This  backpla te  i s  tapered  t o  p r e s e n t  a uniform ther -  
m a l  r e s i s t a n c e  p e r  u n i t - r a d i a l  l ength  f o r  h e a t  flow from t h e  
cathode t o  t h e  c y l i n d r i c a l  aluminum s i d e  w a l l  of t h e  t h r u s t e r  
which cont inues  t h e  thermal  pa th  forward t o  t h e  upstream edge 
of t he  e x t e r n a l  anode connector.  Downstream of t h i s  p o s i t i o n ,  
t h e  t h r u s t e r  body i s  cons t ruc ted  of a t h i n  c ros s  s e c t i o n  t o  re- 
duce t h e  conductive coupl ing between- t h e -  cathode and anode ther -  
m a l  c i r c u i t s .  A l i g h t  weight i ron rbackp la t e  l ies  over  t h e  
inne r  su r face  of t h e  aluminum s t r u c t u r a l  backpla te  t o  complete 
the  magnetic c i r c u i t  from t h e  cathode-cup pole  p i ece  t o  t h e  b a r  
e lectromagnets .  Rather than employ a s i n g l e  i r o n  sheet of t h e  
minimum th ickness  requi red  t o  l i n k  t h e  magnetic f l u x ,  t h e  mag- 
n e t i c  backpla te  c o n s i s t s  of s e v e r a l  t h inne r  i r o n  s h e e t s .  These 
shee t s  provide h e a t  s h i e l d i n g  t o  f u r t h e r  reduce t h e  r a d i a n t  
coupl ing between t h e  anode and cathode thermal c i r c u i t s .  A s  
requirements d i c t a t e ,  t h e  coupl ing can be  reduced s t i l l  f u r t h e r  
by p lac ing  h e a t  s h i e l d s  between t h e  anode and t h e  i n s i d e  sur -  
faces  of t h e  aluminum t h r u s t e r  body. 

The th ickness  of t h e  aluminum s t r u c t u r e  w a s  chosen as a 
compromise between t h e  opposing requirements f o r  good thermal  
conduction between cathode and t h r u s t e r  side w a l l  on t h e  one 
hand, and a d e s i r e  f o r  l i g h t  weight  on t h e  o t h e r  hand. I n  
t h e  case of t h e  30-cm t h r u s t e r ,  t h e  c y l i n d r i c a l  w a l l  w a s  f a b r i -  
ca ted  t o  a th ickness  of 0 .150  c m .  The aluminum backpla te  has  
a th ickness  of 0 . 1 5 0  c m  where it j o i n s  wi th  t h e  c y l i n d r i c a l  
w a l l ,  and inc reases  i n  th ickness  inve r se ly  w i t h  t h e  r ad ius  ( t o  
maintain uniform thermal  r e s i s t a n c e  p e r - u n i t  r ad ia l  length)  up 
t o  the  p o i n t  of attachment of t h e  LM cathode. With this de- 
s i g n ,  t h e  weight  of t h e  t o t a l  t h r u s t e r ,  inc luding  i t s  ion- 
e x t r a c t i o n  system, i s  about  6 kg. 

It  i s  apparent  t h a t  t h e  h e a t  f l u x  t o  t h e  cathode (PK,th) 
i s  reduced by improvements i n  d ischarge  chamber performance. 
This  can be  i l l u s t r a t e d  by no t ing  t h e  dependence of d i scharge  
c u r r e n t  (IK) on beam c u r r e n t  (IB) , discharge  vol tage  (VD) , and 
t o t a l  source  energy p e r  i o n  (Vs) : 
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Combining t h i s  expression with t h e  power- r e l a t i o n s h i p  quoted 
earlier i n  t h i s  s e c t i o n ,  w e  have 

'K , t h  
"K,th B ( " D ' )  

"S 

I f  a l l  parameters w i t h i n  t h e  bracke ts  remain cons tan t ,  t h e  cath- 
ode hea t ing  power decreases  d i r e c t l y  i n  propor t ion  t o  reduct ions  
i n  t h e  t o t a l  source energy pe r  ion .  

I n  a d d i t i o n  , r e c e n t  discharge-chamber- performance improve- 
ments wi th  t h e  LM cathode t h r u s t e r  have been- accompanied by 
inc reases  i n  VI) and (because of t h e  r e s u l t i n g  reduct ion  i n  d i s -  
charge c u r r e n t  demand) by decreases  i n  TK and hence VK,th. 
Both e f f e c t s  lead t o  f u r t h e r  reduct ions of PK,th. 
decreases  i n  cathode hea t ing  permit p ropor t iona l  decreases  i n  
t h e  th ickness  of t h e  conducting aluminum t h r u s t e r  s h e l l ,  thus  
lead ing  t o  reduct ions  i n  ove r -a l l  t h r u s t e r  weight.  

All these  
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SECTION I11 

LM CATHODE THRUSTER DEVELOPMENT 

A. INTRODUCTION 

The expected value of source energy p e r  ion  (V,) is  a de- 
termining parameter i n , t h e  s t r u c t u r a l  design of a thermally in-  
t e g r a t e d  LM cathode t h r u s t e r ,  because (as explained i n  t h e  pre- 
ceding s e c t i o n )  the weight of t h e  thermally conductive s t r u c t u r e  
s c a l e s  with t h e  value of t h i s  performance parameter.  Pr ior  t o  
t h e  onse t  of t h e  p r e s e n t  e f fo r t ,  no program of LM cathode 
t h r u s t e r  op t imiza t ion  had been pursued s i n c e  November 1966.  
Meanwhile, programs conducted a t  t h e  LeRC t o  optimize t h e  15-cm 
SERT I1 t h r u s t e r '  f o r  opera t ion  with t h e  oxide cathode2 and t h e  
hollow cathode had both achieved s i g n i f i c a n t  success  i n  reduc- 
i n g  discharge-chamber lo s ses .  Because no equiva len t  d a t a  were 
a v a i l a b l e  f o r  opera t ion  of t h e  LM cathode i n  a s i m i l a r l y  o p t i -  
mized t h r u s t e r ,  a program of research  and development w a s  under- 
taken a t  HRL t o  optimize t h e  electron-bombardment t h r u s t e r  fo r  
opera t ion  with t h e  LM cathode. 

Previously,  as repor ted  i n  Ref. 4 ,  a 20-cm LM cathode 
t h r u s t e r  had been operated t y p i c a l l y  a t  a beam vol tage VB = 6 kV. 
With a beam c u r r e n t  IB = 680 mA, a m a s s  u t i l i z a t i o n  e f f i c i e n c y  
11 = 87% was achieved with a t o t a l  source energy per  i on  of 
? = 400 eV/ion. 
o'? opera t ion  a t  t h a t  t i m e ) ,  t h i s  d a t a  p o i n t  corresponds t o  a 
r a t i o  of discharge c u r r e n t  t o  t h r u s t e r  beam c u r r e n t  IK/IB % 1 2 ,  
and t o  a s p e c i f i c  thermal load VK,th % 5.8 W/A a t  TK = 25OOC. 

With t h e  p re sen t  30-cm LM cathode t h r u s t e r ,  t h e  source 
energy pe r  i on  has been reduced t o  Vs % 250 eV/ion a t  11, = 84% 
and t h e  optimum discharge vol tage  has  r i s e n  t o  a value VD % 

40 V. The r a t i o  of discharge c u r r e n t  t o  beam c u r r e n t  t he re fo re  
has been reduced t o  a value IK/Ia % 6 ,  whi le  TK has  dropped t o  
2OOOC and V ~ , t h  t o  % 3.8 W/A. W i t h  t h i s  h igher  l e v e l  of o p t i -  
mization only about one-third of t h e  previous power pe r  u n i t  
beam c u r r e n t  i s  de l ive red  t o  t h e  cathode. 

A t  t h e  discharge vol tage  VD = 33 V ( t y p i c a l  
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B. 20-CM THRUSTER 

A s  a f i r s t  s t e p  i n  t h e  program.to optimize t h e  performance 
of t h e  electron-bombardment t h r u s t e r  : fo r  opera t ion  with t h e  LM 
cathode, t h e  e x i s t i n g  20-cm.diameter t h r u s t e r 4 -  was modified t o  
conform ( i n  f i r s t  approximation) t o  t h e  magnetic f i e l d  geometry 
of t h e  LeRC 15-cm SERT I1 t h r u s t e r ;  The modified conf igura t ion  
of t h i s  t h r u s t e r  is  shown schematical ly  i n  Fig.  3 ,  which i s  
drawn approximately t o  s c a l e .  I t  w a s  equipped with a magnetic 
c o l l a r  and with both screen  and cathode-cup pole  p ieces  t o  re- 
produce t h e  d e s i r e d  magnetic f i e l d  p r o f i l e .  A b a f f l e  w a s  
p laced downstream of t h e  cathode pole  p i ece  a t  a v a r i a b l e  a x i a l  
d i s t ance  (d)  . The exac t  conf igura t ion  of t h i s  b a f f l e  w a s  modi- 
f i e d  i n  a series of s e p a r a t e  experiments.  The cathode w a s  
placed a t  a v a r i a b l e  a x i a l  d i s t a n c e  l a )  behind t h e  mouth of t h e  
cathode pole  p iece .  All of t h e  p r o p e l l a n t  was fed  through t h e  
cathode, i n  c o n t r a s t  t o  t h e  technique used i n  t h e  SERT I1 
t h r u s t e r  . 

1. Zone-Baf f l e  Design 

The design of t h e  b a f f l e  conf igura t ion  was guided by t h e  
magnetic shadoy technique which was enunciated during t h e  
previous e f f o r t  i n  t h r u s t e r  opt imizat ion’  i n  which t h e  use of 
a zone b a f f l e  w a s  in t roduced for  t h e  purpose of s e l e c t i v e l y  
d i s t r i b u t i n g  t h e  e l e c t r o n  and atomic f l u x  w i t h i n  t h e  discharge 
chamber. With t h e  magnetic shadow technique, a d i s k  b a f f l e  
(with or  without  ape r tu re s )  i s  placed downstream of t h e  cathode, 
so t h a t  e l e c t r o n s  streaming around t h e  b a f f l e  per imeter  o r  
through t h e  ape r tu re s  emerge on and follow magnetic f i e l d  l i n e s  
which i n t e r s e c t  t h e  screen  e l e c t r o d e  a t  r a d i i  s e l e c t e d  t o  y i e l d  
maximum ove r -a l l  t h r u s t e r  performance. A f u r t h e r  func t ion  
served by t h e  b a f f l e  (which became clear i n  o t h e r  s t u d i e s  , 
and during t h e  c u r r e n t  e f f o r t )  i s  t o  c o n s t r i c t  t h e  passage of 
e l e c t r o n  f l u x  from t h e  cathode t o  t h e  discharge chamber. W i t h -  
i n  c e r t a i n  l i m i t s  ( t o  be d iscussed  l a t e r ) ,  t h i s  permits t h e  
discharge vo l t age  t o  be r a i s e d  t o  any d e s i r e d  l e v e l ,  thus  
allowing an independent choice of discharge vol tage  as a param- 
eter i n  t h r u s t e r  opt imizat ion.  

2.  Discharge-Chamber Optimization 

The program of discharge-chamber opt imiza t ion  with t h e  
20-cm t h r u s t e r  w a s  b r i e f  b u t  success fu l .  Only t w o  changes w e r e  
made i n  t h e  b a f f l e  design p r i o r  t o  choosing a zone-baffle 
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conf igura t ion  which w a s  cons ide red - to  provide a s u f f i c i e n t l y  
high l e v e l  of performance. The--zone-baff le  cons i s t ed  of a 
c e n t r a l  c i r c u l a r  d i sk  surrounded-by a c o a x i a l  and coplanar annu- 
l a r  d i sk .  Both d i s k s  w e r e  f a b r i c a t e d  from 0.152 c m  t h i c k ,  non- 
magnetic s t a i n l e s s  steel.. T h e - c e n t r a l  d i sk  had a diameter of 
4 . 4 2  c m ,  which was 0 . 3  c m - s m a l l e r  than t h e  i n s i d e  diameter of 
t he  cathode-cup po le  piece.  The annular  o u t e r  zone of t h e  
b a f f l e  had an i n s i d e  diameter equal  t o  t h a t  of t h e  cathode-cup 
pole  p i ece ,  and an o u t e r  diameter of 1 0  c m .  The purpose of 
t h e  c e n t r a l  d i sk  i s  t o  de f ine  the  r a d i a l  p o s i t i o n  and cross- 
s e c t i o n a l  a r ea  f o r  e l e c t r o n  escape from t h e  cathode-cup po le  
p i ece ,  whereas t h e  o u t e r  annular  zone of t h e  b a f f l e  se rves  t o  
b e t t e r  d i s t r i b u t e  t h e  n e u t r a l  p a r t i c l e  flow. This design per- 
m i t s  some independent v a r i a t i o n  of t h e  flow conductances (be- 
tween cup region and main discharge chamber) f o r  e l e c t r o n s  on 
t h e  one hand and f o r  p rope l l an t  atoms on t h e  o t h e r  hand; t h e  
e l e c t r o n s ,  cons t ra ined  by t h e  magnetic f i e l d ,  pass predominant- 
l y  through t h e  r a d i a l  gap between cup and b a f f l e ,  while  the 
p rope l l an t  atoms flow a l s o  behind t h e  o u t e r  annular  zone t o  
the  mid-radius of t h e  discharge chamber. 

The only o t h e r  t h r u s t e r  modif icat ion which l e d  t o  a s i g n i -  
f i c a n t  enhancement of t h r u s t e r  performance was the  i n s t a l l a t i o n  
of a nonmagnetic beam mask. This was placed upstream of t h e  
screen  e l e c t r o d e ,  t o  res t r ic t  t h e  beam diameter t o  1 8  c m  i n  
order  t o  reduce t h e  loss of n e u t r a l  p a r t i c l e s  from t h e  outer- 
most ape r tu re s  of t h e  i o n  beam e x t r a c t i o n  system. These aper- 
t u r e s  w e r e  p a r t i a l l y  sh ie lded  from t h e  plasma by t h e  screen  
pole  p iece  and could no t  be expected t o  produce i n t e n s e  beam- 
le t s ,  b u t  were nonetheless  ab le  t o  permit  a s i g n i f i c a n t  escape 
of n e u t r a l  p a r t i c l e s  from t h e  discharge chamber. T h i s  modifi- 
c a t i o n  alone r e s u l t e d  i n  a 3-1/2% increase i n  the  maximum ob- 
t a i n a b l e  p r o p e l l a n t  u t i l i z a t i o n  e f f i c i e n c y .  

Optimum performance was observed with t h e  b a f f l e  placed 
1 t o  2 mm downstream of t h e  l i p  of t h e  cathode pole  p iece .  The 
discharge vol tage  w a s  maintained a t  an optimum value VD Q 35 V ,  
which w a s  set  by adjustments of t h e  b a f f l e  p o s i t i o n  and of t h e  
magnetic f i e l d  i n t e n s i t y .  Within t h e  range 1 c m  < R < 3 c m ,  
performance w a s  n o t  c r i t i c a l l y  dependent on t h e  p o s i t i o n  of 
t he  cathode wi th in  t h e  cathode-cup pole  p i ece ,  bu t  degraded 
s i g n i f i c a n t l y  beyond those l i m i t s .  For optimum performance 
the  magnetic f i e l d  i n t e n s i t y  had a value B 'L 30 G on t h e  a x i s  
a t  t h e  midplane of t h e  discharge chamber. 
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3. Thrus te r  Performance 

As a r e s u l t  of t h e  modif icat ions descr ibed above, t h e  
discharge-chamber performance w a s  improved s i g n i f i c a n t l y  above 
the  l e v e l  r epor t ed  i n  Ref. 4 ,  as can be- seen-  by in spec t ion  of 
t h e  d a t a  i n  Fig.  4.  To  p r o v i d e - a  comparison with earlier d a t a ,  
t h e  newly modified 20-cm - t h r u s t e r w a s  i n i t i a l l y  operated a t  a 
beam vol tage  VB = 6 kV. At-a=beam c u r r e n t  IB =- 510 mA with 
a mass u t i l i z a t i o n  e f f i c i e n c y  Qm = - 8 7 %  t h e  t o t a l  source energy 
p e r  i on  w a s  reduced t o  VS = 260 eV/ion. S t i l l  using t h e  e x i s t -  
i n g  low-perveance i o n  e x t r a c t i o n  system, t h e  beam vol tage  was 
reduced t o  VB = 2 kV (Isp,ef5 = 3 , 5 9 0  sec) . 
e lec t rode  b i a sed  a t  VA, = - kV, a beam c u r r e n t  I8 = 480 mA 
w a s  produced a t  a source energy p e r  i on  V s  = 280 eV/ion with a 
m a s s  u t i l i z a t i o n  e f f i c i e n c y  qm = 80%. Ion  beam i n t e r c e p t i o n  by 
t h e  a c c e l  e l e c t r o d e  w a s  less than 1%. 

With the  a c c e l  

On t h e  b a s i s  of t hese  prel iminary d a t a  t h e  design was 
judged t o  be s u f f i c i e n t l y  improved t o  warrant  f u r t h e r  documen- 
t a t i o n  of t h e  performance c h a r a c t e r i s t i c s  over  a range of 
t h r u s t e r  opera t ing  condi t ions .  Beam vol tage  was t h e  f i r s t  
parameter t o  be va r i ed  from VB = 6 kV t o  VB = 1.5  kV, while 
ho1ding" the  mercury flow-rate equiva len t  cons tan t  a t  a value 
I Q, 600  mA. Next t h e  beam vol tage  was se t  a t  VB = 3 k V  while  
tRe mercury f low-rate  equiva len t  was va r i ed  from I = 370 mA 
t o  Ia = 750 mA. 
a t i o n s  w a s  optimized p o i n t  by p o i n t  with r e spec t  t o  b a f f l e  posi-  
t i o n  (d)  and t h e  magnetic f i e l d  i n t e n s i t y  ( B ) .  When t h e  over- 
a l l  opera t ing  c h a r a c t e r i s t i c s  of t h e  modified t h r u s t e r  were 
e s t a b l i s h e d ,  t h e  beam vol tage  w a s  set  a t  V = 2 kV, and t h e  
b a f f l e  p o s i t i o n  and magnetic f i e l d  i n t e n s i f y  were set  a t  f ixed  
values  which optimized t h r u s t e r  performance over a w i d e  range 
of mercury flow rate.  Under these  f ixed  condi t ions ,  t h e  mercu- 
ry  f l o w  r a t e  equiva len t  w a s  t h r o t t l e d  from 1, = 760 mA t o  Ia = 
410 mA while  the r a t i o  of discharge c u r r e n t  t o  ion  beam cur ren t  
w a s  he ld  a t  a f i x e d  value IK/IB = 1 0 .  The r e s u l t s  of these  
v a r i a t i o n s  are descr ibed  below. 

Performance obtained under both of! t h e s e  va r i -  

a .  Var ia t ion  of t h e  Beam Voltage 

An i n t e r a c t i o n  e x i s t s  between t h r u s t e r  discharge- 
chamber performance and t h e  condi t ions  of i on  beam e x t r a c t i o n .  
A s  discussed by Hyman, -- e t  a l .  , 6  t h e  i n t e r a c t i o n  should depend 
on t h e  t o t a l  i on  a c c e l e r a t i n g  vol tage  VT = ( IVBl + lVAcl ) , 
r a t h e r  than  on t h e  beam vol tage  alone. An experiment was per- 
formed t o  demonstrate t h i s  c h a r a c t e r i s t i c  of t h e  i n t e r a c t i o n .  
Using t h e  same beam e x t r a c t i o n  system, t h r u s t e r  performance 
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w a s  compared f o r  t w o  d i f f e r e n t  condi t ions-  of i on  beam e x t r a c t i o n  
which both u t i l i z e  a t o t a l  a c c e l e r a t i n g  vol tage  VT = 7.5 kV: 
f i r s t  f o r  a beam vol tage  VB = 6 kV (Is ,eff  5 
an accel vol tage  VAc = - 1.5 kV, and &en f o r  VB = 3 kV (Isp,eff 
5 5,500 sec) wi th  V A ~  = - 4.5 kV. I n  both  cases t h e  source  
energy p e r  i on  ( V s )  w a s  measured as a func t ion  of t h e  m a s s  u t i l i -  
za t ion  e f f i c i e n c y  (qm) wi th  t h e  mercury f low-rate  equiva len t  se t  
a t  I, % 600 mA. The d a t a  .(shown i n  .Fig;. 4 )  demonskrate t h a t ,  as 
a n t i c i p a t e d ,  t h r u s t e r  performance.was nea r ly  i d e n t i c a l  f o r  t h e  
two condi t ions  of ion-beam e x t r a c t i o n .  Other d a t a  shown i n  
Fig.  4 i l l u s t r a t e  t h e  manner i n  which discharge-chamber per- 
formance does vary wi th  v a r i a t i o n s  i n  t h e  t o t a l  a c c e l e r a t i n g  
p o t e n t i a l .  I n  gene ra l  a given value of mass u t i l i z a t i o n  e f f i -  
c iency i s  achieved wi th  lower discharge-chamber power expendi- 
t u r e s  as t h e  t o t a l  ion-acce lera t ing  p o t e n t i a l  i s  increased .  A t  
a beam vol tage  VB = 2 kV (Isp = 3,590 sec) wi th  a t o t a l  ac- 
c e l e r a t i n g  vol tage  VT = 5 kV,'%ef d ischarge  lo s ses  rise t o  Vs = 
280 eV/ion a t  a m a s s  u t i l i z a t i o n  e f f i c i e n c y  q m  = 80% and a beam 
c u r r e n t  IB = 480 mA. Thus, f o r  a cons tan t  e l ec t rode  geometry 
t h e  t o t a l  a c c e l e r a t i n g  p o t e n t i a l  appears t o  be the  major param- 
eter which a f f e c t s  t h r u s t e r  e f f i c i e n c y .  

8,050 sec) wi th  

N o  d a t a  were taken below a beam vol tage  VB = 1 . 5  k V ,  be- 
cause t h e  ion  c u r r e n t  drawn t o  t h e  accel e l ec t rode  increased  t o  
s l i g h t l y  g r e a t e r  than  1% of IB when VB w a s  reduced t o  1.5 kV 

= -3 .0  kV. To hold  accel i n t e r c e p t i o n  a t  less than 
maintaining high t h r u s t e r  e f f i c i e n c y ,  opera t ion  of t he  

20-cm t h r u s t e r  with i t s  low-perveance ion  e x t r a c t i o n  system w a s  
l imi t ed  t o  Isp,eff 3,590 sec a t  q m  = 8 0 % .  

b.  Var ia t ion  of t h e  Mercury Flow R a t e  

To i n d i c a t e  t h e  inf luence  of i on  beam t h r o t t l i n g  on 
discharge-chamber performance, t h e  source energy pe r  i on  w a s  
measured as a func t ion  of t h e  m a s s  u t i l i z a t i o n  e f f i c i e n c y  over  
a range of mercury flow rate a t  a beam vol tage  V = 3.0 kV 
and an accel e l ec t rode  vol tage  VAc = - 4.5 kV. 
per imenta l  r e s u l t s  are p l o t t e d  i n  F ig .  5 .  A t  a m a s s  u t i l i z a -  
t i o n  e f f i c i e n c y  q m  = 80%, d ischarge  lo s ses  vary over a range 
of 70 eV/ion when 1, i s  changed from 370 mA t o  750 mA ( t h r o t t l e d  
by a f a c t o r  of two).  The depar ture  from t h e  b e s t  performance 
VS = 230 eV/ion (which i s  achieved a t  1, = 600  mA) may r e f l e c t  
t h e  f a c t  t h a t  t he  i n i t i a l  op t imiza t ion  of t h i s  t h r u s t e r  had been 
c a r r i e d  o u t  near  t h a t  n e u t r a l  flow rate .  

TBe ex- 

To o b t a i n  t h e  d a t a  presented  above, both t h e  magnetic f i e l d  
i n t e n s i t y  and b a f f l e  p o s i t i o n  w e r e  reopt imized f o r  each of t he  
d a t a  p o i n t s  presented  i n  F igs .  4 and 5. T h r o t t l i n g  c h a r a c t e r i s t i c s  
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f o r  t h e  L M  cathode t h r u s t e r  are presented below with the  mag- 
n e t i c  f i e l d  i n t e n s i t y  and the -  b a f f l e  p o s i t i o n  se t  a t  f i x e d  values  
which w e r e  chosen t o  optimize - t h r u s t e r -  performance over a wide 
range of mercury flow rate.  

c. T h r o t t l i n g  C h a r a c t e r i s t i c s  

I n  p repa ra t ion  f o r  e s t aba i sh ing  t h e  t h r o t t l i n g  char- 
acterist ics of t h e  20-cm LM cathode t h r u s t e r ,  optimum values  
Bo and do w e r e  obtained f o r  t h e  a x i a l  magnetic f i e l d  i n t e n s i t y  
(B)  , measured on t h e  axis  a t  a p o i n t  midway between t h e  screen  
e l e c t r o d e  and t h e  l i p  of t h e  cathode-cup po le  p i ece ,  and f o r  
t h e  b a f f l e  p o s i t i o n  ( a ) .  Values w e r e  chosen which were shown 
t o  be c o n s i s t e n t  wi th  good thruster-performance over a range of 
n e u t r a l  f low-rate  equ iva len t  (f ) from approximately 370 t o  
740 mA. I n i t i a l  t r i a l  values  o? B and d w e r e  chosen f i r s t  on 
t h e  b a s i s  of previously obtained t h r u s t e r  da t a .  Then, f o r  sev- 
eral  values  of 1, i n  t h e  d e s i r e d  range, t h e  beam c u r r e n t  w a s  
measured a s  the  magnetic f i e l d  c u r r e n t  and b a f f l e  p o s i t i o n  w e r e  
va r i ed  about t h e i r  i n i t i a l  values .  This procedure was repeated 
f o r  s e v e r a l  values  of t h e  r a t i o  IK/IB. 
genera l ly  very s e n s i t i v e  t o  changes i n  t h e  magnetic f i e l d  in-  
t e n s i t y  and i n  b a f f l e  p o s i t i o n ;  beyond c e r t a i n  maximum values 
of (B) or of ( a ) ,  t h e  beam c u r r e n t  dropped abrupt ly .  The re- 
s u l t s  of t h e s e  prel iminary measurements y i e lded  values Bo - - 
2 1  G and d = 2 . 2  mm, both of which were used f o r  a l l  mea- 
surements & e r e a f t e r .  

The beam c u r r e n t  w a s  

The t h r o t t l i n g  c h a r a c t e r i s t i c s  of t h e  20-cm LM cathode 
t h r u s t e r  are shown i n  Fig.  6 where the  ion-beam c u r r e n t  (IB) 
and t h e  discharge vol tage  (V,) are p l o t t e d  as func t ions  of t he  
mercury flow-rate equiva len t  ( I  ) , f o r  a f ixed  r a t i o  of d i s -  
charge t o  beam c u r r e n t  I /IB = $0. 

Within t h i s  range, t h e  beam c u r r e n t  (IB) inc reases  with in-  
c r eas ing  n e u t r a l  flow rate equiva len t  such t h a t  the mass u t i l i -  
za t ion  e f f i c i e n c y  (qm = I B / I ~ )  l ies  between 78% and 9 2 % ,  w i t h  
t h e  maximum qm occurr ing  a t  1, = 540 mA. The discharge vol tage 
decreases with inc reas ing  mercury flow from VD = 4 4  V a t  1, = 
4 1 4  mA t o  VD = 32 V a t  Ia = 760 mA. 
rate equiva len t  I, = 4 1 4  mA, t h e  discharge i s  d i f f i c u l t  t o  main- 
t a i n ,  and above 1, = 760 mA t h e  beam c u r r e n t  s a t u r a t e s  and IB 
no longer  inc reases  with inc reas ing  I,. Operating a t  a h igher  
r a t i o  of discharge t o  beam c u r r e n t  (II/IB > 1 0 )  does l i t t l e  t o  
inc rease  IB. 

Data w e r e  obtained through- 
ou t  a range of n e u t r a l  f 5 ow-rate equiva len t  from 4 1 4  t o  760 mA. 

Below the  mercury flow- 
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A p a r t i a l  explana t ion  f o r  t he -appa ren t  s a t u r a t i o n  of i on  
beam c u r r e n t  i s  given below i n  t h e - d e s c r f p t i o n  of- t h e  develop- 
ment of t h e  30-cm LM cathode t h r u s t e r .  I n -  t h a t  development, 
an apparent s a t u r a t i o n  of beam c u r r e n t  w a s  overcome by a change 
i n  t h e  design of t h e  cathode-cup pole  p iece .  

C. 30-CM THERMALLY INTEGRATED THRUSTER 

The b a s i c  thermal desiqn of t h e  30-cm t h r u s t e r  has  a l ready  
been descr ibed i n  Sec t ion  11 of t h i s - r e p o r t .  I n  the  p re sen t  - 
s e c t i o n ,  t h e  design i s  descr ibed i n  g r e a t e r  de t a i l ,  p a r t i c u l a r -  
l y  with r e spec t  t o  t h e  choice of ma te r i a l s  and t h e  design of 
t h e  ion  e x t r a c t i o n  system. A technique i s  descr ibed by which 
an apparent s a t u r a t i o n  i n  beam i n t e n s i t y  (s imilar  t o  t h a t  en- 
countered w.ith t h e  20-cm t h r u s t e r )  w a s  overcome by modif icat ions 
i n  t h e  cathode-cup pole  p iece .  The opera t ing  c h a r a c t e r i s t i c s  of 
t h e  30-cm t h r u s t e r  a r e  a l s o  reported.  

1. Design of t h e  30-cm Thrus te r  

a. Discharge Chamber 
e; 

The design of t h e  discharge chamber of t h e  30-cm LM 
cathode t h r u s t e r  borrows heavi ly  from geometr ical  c r i te r ia  
evolved i n  t h e  op t imiza t ion2r3  
t h r u s t e r  a t  LeRC. The i n i t i a l  b a f f l e  geometry and opera t ing  
technique were der ived  from t h e  experimental-development u t i -  
l i z i n g  t h e  modified 20-cm LM cathode t h r u s t e r ,  and were then 
optimized by opera t ion  of t h e  30-cm t h r u s t e r  i t s e l f .  A design 
drawing of t h e  30-4m t h r u s t e r  i s  shown i n  Fig.  7. Table I lists 
t h e  t h r u s t e r  compoaenk p a r t s  and gives  t h e  weight of each. The 
t o t a l  t h r u s t e r  weight ( inc luding  LM cathode, i on  e x t r a c t i o n ,  
electrodes, and magnets) i s  6 .157  kg. The anode diameter of 
30 c m  i s  t w i c e  t h e  value used f o r  t h e  SERT I1 t h r u s t e r .  The 
cathode-cup p o l e  p i ece  8nd"magnetic back p l a t e  a r e  s c a l e d  up 
by t h e  same.Tactor. The sepa ra t ion  between t h e  anode and the  
t h r u s t e r  she l f .was  n o t  increased  from t h e  SERT I1 dimension. 
The cr$s*s s e c t i o n  of t h e  screen  and col lar  pole  p ieces  w e r e  
l e f t  a t  t h e  same c ross - sec t iona l  dimensions used i n  SERT 11. 
The dec i s ion  t o  r e t a i n  t h e  o r i g i n a l  SERT I1 dimension f o r  t he  
sc reen  and c o l l a r  pole  p ieces  was based on t h e  b e l i e f  t h a t  t h e  
e f f e c t  of t h e  shape-of  t hese  pole  p ieces  i s  s i g n i f i c a n t  only 
i n  the  close proximity.  Close t o  these  pole  p ieces  t h e  curva- 
t u r e  of t h e  magnetic f i e l d  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by 

of t h e  NASA 15-cm SERT I1 
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Fig. 7.  Design of t h e  30-cm LM cathode t h r u s t e r .  
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TABLE I 

Component Weights f o r  t h e  30-cm Thrus te r  

P a r t  Number 

B- 8 379 77 
B-837982 
D-839331 
D-839312 
D-839313 
D-839314 
D-839315 
C-839316 
C-839319 
C-839320 
B- 8 39 321 
B-839322 
D-839356 
C-839357 
(2-839358-99 
C- 839 358-9 8-1 
C-839358-9 8-3 
C-8 39 3 59 
C- 8 39 36 6 -1 
C- 839 366-3 
C-839367 
C-839368-98 

-99 
C-839369 
-------- 
-------- 
-------- 
-------- 
T o t a l  

T i t l e  

Stud 
Spacer 
Screen e l e c t r o d e  
A c c e l  e l e c t r o d e  
Pole p iece  
Back p l a t e  
Anode 
R e a r  anode 
L o w e r  housing 
Upper housing 
Bushing 
I n s u l a t o r  
Anode connector 
S p l i c e  
Outer s h i e l d  
Inner  s h i e l d  
Inner  s h i e l d  
I n s u l .  suppor t  
A f t  po l e  p iece  
A f t  po le  p iece  
P o l e  p i ece  back p l a t e  
Mounting nu t  
Mounting screw 
Magnet 
Hardware, s c r e w s ,  etc.  
Cathode p l a t e  
LM cathode 
Cathode-plate po le  p i ece  

/ p e r  se t  

30-cm Thrus te r  

N o .  
Req. 

6 
12 
1 
1 
1 
1 

1 
1 
1 
1 
12 
12 
1 
1 
12 
6 
6 
6 
1 
1 
1 

12 

12 
-- 
1 
1 

-- 

1 

Total 
Weight, kg 

0.020 
0.021 
(0.134 est . )  
1.362 
0.299 
0.650 
0.149 
0.257 
0.532 
0.133 
0.092 
0.158 
0.166 
0.006 
0.078 
0.037 
0.037 
0.066 
0.181 
0.183 
0.048 

0.111 

1.022 
0.074 
0.194 
0.109 
0.038 

6.157 kg 
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t h e  t h r u s t e r  diameter ,  and thus  t h e  c ross -sec t ion  dimensions of 
t h e  pole  p ieces  should n o t  be  a func t ion  of t h e  t h r u s t e r  diam- 
e te r  so  long a s  t h e  t h r u s t e r  diameter i s  much l a r g e r  than these 
dimens ions .  

I n i t i a l l y  t h e  discharge chamber w a s  designeg t o  a length  
of 20 c m ,  even though t h i s  was 6 c m  s h o r t e r  than  would be  in-  
d i ca t ed  by a d i r e c t  s c a l i n g  of t h e  1 5 - c m  LeRC SERT I1 design. 
The choice of a s h o r t e r  discharge-chamber length  was based on 
t h e  assumption t h a t  t h e  optimum t h r u s t e r  length  should remain 
e s s e n t i a l l y  cons t an t  i n  s p i t e  of changes i n  t h r u s t e r  diameter.  
The length  w a s  n o t  se t  a t  t h e  SERT I1 dimension of 1 2 . 9  c m f 2  
however, t o  allow f o r  some inc rease  i n  t h e  a x i a l  l ength  of t he  
discharge chamber which might be requi red  t o  a s su re  r a d i a l  uni- 
formity of t h e  flow of n e u t r a l  mercury i n t o  t h e  discharge 
chamber. A t  t h e  t i m e  t h i s  dec i s ion  w a s  made, a l l  of  t he  propel- 
l a n t  w a s  passed through t h e  mouth of t h e  cathode-cup pole  p i ece  
of t h e  LM cathode t h r u s t e r .  

A s  explained i n  Sec t ion  11, t h e  design of t h e  30-cm t h r u s t e r  
employs aluminum as t h e  major s t r u c t u r a l  ma te r i a l .  T h i s  m e t a l  
w a s  chosen f o r  t h e  a p p l i c a t i o n  because .s-f i t s  combination of 
l i g h t  weight and high thermal conduct iv i ty ,  which toge ther  have 
r e s u l t e d  i n  t h e  design of a l ight-weight  thermally i n t e g r a t e d  
t h r u s t e r .  The dec i s ion  t o  employ aluminum f o r  f a b r i c a t i o n  of 
t h e  30 c m  t h r u s t e r  w a s  made with t h e  understanding t h a t  under 
c e r t a i n  condi t ions  i n  a i r  mercury i s  known t o  a t t a c k  aluminum 
i n  a highly d e s t r u c t i v e  manner. The l i t e r a t u r e 7  i n d i c a t e s  I 
however, t h a t  a l l o y s  of aluminum w i t h  low s i l i c o n  conten t  have 
shown good r e s i s t a n c e  t o  such a t t a c k .  Experience a t  HRLB-l0 
l e d  t o  t h e  choice of low s i l i c o n  content  6 0 6 1  aluminum a l l o y  
as t h e  major s t r u c t u r a l  material f o r  t h r u s t e r  f a b r i c a t i o n .  To 
d a t e ,  no mercury a t t a c k  has been observed i n  the  30-cm t h r u s t e r  
a f t e r  1 0 0  hours of opera t ion  and 4 , 0 0 0  t o t a l  hours of exposure 
t o  mercury. 

b .  Ion Ex t rac t ion  System 

Design of t h e  30-cm i o n  e x t r a c t i o n  system was based 
on information der ived  from various sources .  K r a m e r  and King” 
repor ted  on an ion  o p t i c a l  system s u i t a b l e  f o r  e x t r a c t i n g  dense 
ion  beams from gas discharges.  Using t h e  technique descr ibed 
by Hyman, -- e t  a1.,6 they s t u d i e d  t h e  beam-forming charac te r -  
i s t ics  of t h e i r  chosen geometries by using an automatic charged- 
p a r t i c l e  t r a j e c t o r y  tracer with space-charge s imulat ion.  These 
s t u d i e s  w e r e  confirmed by experimental  measurements which showed 
t h a t  s e v e r a l  of t h e  ion  e x t r a c t i o n  systems being s t u d i e d  oper- 
a t e d  s a t i s f a c t o r i l y  over a wide range of mercury-ion beam 
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c u r r e n t  d e n s i t i e s  with a c c e l e r a t i n g  vol tages  ranging from 3 t o  
7 kV. I n  t h e  experimental  s t u d i e s ,  t h e  screen  e l e c t r o d e  hole  
diameter was 0 .460  cm. Both c y l i n d r i c a l  and countersunk screen 
holes  w e r e  t e s t e d .  The h i g h e s t  perveance w a s  achieved with a 
p a i r  of e l e c t r o d e s ,  separa ted  by 0.250 c m ,  employing a counter- 
sunk screen  e l e c t r o d e  and an a c c e l  e l e c t r o d e  having c y l i n d r i c a l  
ho les  of t h e  same diameter.  

Subsequently,  Masek and Pawlik’ operated an ion-ext rac t ion  
system of s i m i l a r  ho le  s i z e  with a t o t a l  a c c e l e r a t i n g  vol tage  
ranging from 3.2 t o  4.6 kV. The nominal screen-to-accel  spacing 
was 0 . 1 7 8  c m ,  though d a t a  w e r e  repor ted  f o r  spacings as smal l  as 
0 . 1 0 2  cm. I n i t i a l l y ,  a sc reen  e l ec t rode  th ickness  of 0.254 c m  
w a s  used, b u t  s i g n i f i c a n t  decreases  i n  discharge chamber losses 
w e r e  r e a l i z e d  by reducing t h e  thickness  t o  0.076 c m .  The 
0.462-cm diameter ho les  i n  t h e  screen  w e r e  n o t  countersunk. 
Accel e l ec t rodes  w e r e  t e s t e d  with hole  diameters of 0 . 4 6 2  c m ,  
0 . 3 7 4  c m ,  and 0.318 c m ,  wi th  a thickness  of 0.254 cm. I t  w a s  
found t h a t  a c c e l  impingement c u r r e n t  increased  only s l i g h t l y  
i n  changing from an accel hole  diameter of 0 . 4 6 2  c m  t o  an a c c e l  
ho le  diameter of 0.374 c m ,  whereas discharge chamber e f f i c i e n c y  
improved by 20 eV/ion. Moreover, t h i s  s l i g h t  i nc rease  i n  i m -  
pingement c u r r e n t  was more than o f f s e t  by t h e  i nc rease  i n  accel 
e l ec t rode  mass, so  t h a t  t h e  o v e r - a l l  e l e c t r o d e  l i f e t i m e  w a s  ex- 
pected t o  be a m a x i m u m  a t  t h e  0.374 c m  diameter.  

Var ia t ions  of t h i s  same b a s i c  geometry have been analyzed 
i n  a d e t a i l e d  computer s tudy c a r r i e d  ou t  a t  HRL. A screen 
e l e c t r o d e  with counter-sunk holes  of 0.475 c m  diameter was 
pa i r ed  with an accel e l e c t r o d e  with a ho le  diameter of 0.360 
cm.  The design value of 0.228 c m  f o r  t he  i n t e r e l e c t r o d e  
spacing w a s  va r i ed  i n  o rde r  t o  analyze t h e  e f f e c t  of stress- 
induced pe r tu rba t ion  of t h i s  spacing from t h e  design va lue ,  a s  
it may occur during t h r u s t e r  operat ion.  I n  one v a r i a t i o n  t h e  
e l ec t rodes  w e r e  s epa ra t ed  by a d i s t ance  of 0 . 1 7 8  cm, t h e  
nominal s epa ra t ion  used i n  t h e  JPL s t u d i e s .  A t  t h i s  s epa ra t ion ,  
t h e  p a r t i c l e  flow remained e s s e n t i a l l y  laminar (very l i t t l e  
crossover)  and a l l  t r a j e c t o r i e s  c l ea red  t h e  accel e l ec t rode  by 
a considerable  margin. From t h i s  observat ion,  it appears t h a t  
considerable  leeway exis ts  f o r  t h e  reduct ion  of t he  i n t e r e l e c -  
t rode  spacing before  d i r e c t  accel i n t e r c e p t i o n  becomes a prob- 
l e m ,  a f a c t  which had already been demonstrated by t h e  s t u d i e s  
a t  JPL. 

The conf igura t ion  of t h e  30-cm ion-ext rac t ion  system w a s  
designed on t h e  b a s i s  of t h e  evidence l i s t e d  above. Sa t i s f ac -  
t o r y  performance of t h i s  conf igura t ion  with an LM cathode 

25 



t h r u s t e r  has  now been demonstrated. The s p e c i f i c a t i o n s  of t h i s  
des ign  are given i n  Table 11. S i x  i n s u l a t i n g  suppor ts ,  mounted 
on t h e  o u t e r  r i m  of t h e  s c r e e n  e l e c t r o d e ,  ho ld  t h e  accel elec- 
trode a t  a d i s t a n c e  of 0.127 c m  from t h e  screen  electrode. 

Distance 
Between B o l e  

c m  ilole c m  
Thickness,  Diameter E lec t rode  Material 

Centers ,  c m  
---. 

Screen Molybdenum 0.076 0.475 0.535 

A c c e l  Plolyb denum 0.254 0.365 0.535 

TABLE I1 

Hole 
Shape 

C y l i n d r i c a l  

Cy l ind r i ca l  

C .  Magnetic C i r c u i t  

The magnetic f i e l d  f o r  t h e  30-cm t h r u s t e r  can be pro- 
vided e i t h e r  by 1 2  permanent b a r  magnets o r  by 1 2  b a r  electro- 
magnets; t h e  l a t t e r  were used throughout t h i s  program i n  o rde r  
t o  r e t a i n  t h e  magnetic f i e l d  i n t e n s i t y  as a parameter t o  be 
optimized. The b a r  electromagnets are f a b r i c a t e d  from i r o n  
and are 20-cm long wi th  a 1 c m  x 0.5 c m  c ros s  s e c t i o n .  The 
rear two-thirds s e c t i o n  of each b a r  w a s  wound wi th  1 0 0  t u r n s  
of 20 gauge n icke l -c lad  s t r anded  copper w i r e .  The electrical  
r e s i s t a n c e  of t h e  1 2  electromagnets connected i n  series is  ap- 
proximately 2 a ,  and f o r  t y p i c a l  t h r u s t e r  ope ra t ing  condi t ions  
t h e  j o u l e  hea t ing  amounted t o  40 W. (This power loss  can be 
reduced considerably wi th  f u r t h e r  op t imiza t ion  of t h e  electro- 
magnetic design.)  Other elements of t h e  magnetic c i r c u i t ,  
i l l u s t r a t e d  i n  Fig.  1, are cons t ruc ted  from ASTM-A-7 steel and 
have th icknesses  of approximately 0.15 cm. 

The l o n g i t u d i n a l  magnetic f i e l d  w a s  measured as a func t ion  
of t h e  c o i l  cu r ren t .  For t y p i c a l  t h r u s t e r  ope ra t ing  condi t ions  
t h e  electromagnet c o i l  c u r r e n t  Ip4 i s  about 4.5 A,  which r e s u l t s  
i n  a magnetic f i e l d  i n t e n s i t y  of approximately 1 4  G on t h e  dis-  
charge chamber a x i s  and 5 c m  upstream f r o m  t h e  sc reen  elec- 
t rode .  I t  w a s  a lso determined t h a t  t h e  r e s i d u a l  induct ion  i s  
f 2.5 G a t  IM = 0 .  
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2 .  Thrus te r  Performance 

The 30-cm t h r u s t e r  i s  shown i n  Fig.  8 mounted on t h e  vacu- 
um chamber end p l a t e  and surrounded by a -water-cooled s t r u c t u r e  
which i s  also used t o  suppor t  t h e  t h r u s t e r  ground screen .  The 
t h r u s t e r  i s  thermally coupled t o  t h i s  s t r u c t u r e  by r a d i a t i o n  
only ,  whi le  it i s  thermally i s o l a t e d  from i t s  mounting suppor ts .  
Thermal i s o l a t i o n  from t h e  s u p p o r t s - i s  achieved by mounting t h e  
t h r u s t e r  on a thermal  guard r i n g ,  which i n  t u r n  i s  mounted on 
t h e  vacuum chamber end p l a t e .  During t h r u s t e r  opera t ion  t h i s  
thermal guard r i n g  can be hea ted  (by means of a r e s i s t a n c e  
h e a t e r )  t o  t h e  same temperature as t h a t  a t t a i n e d  by t h e  t h r u s t e r  
back p l a t e ;  t h i s  assures  t h a t  no h e a t  i s  conducted e i t h e r  t o  o r  
from t h e  t h r u s t e r  . The t h r u s t e r  achieves thermal  equi l ibr ium 
by r a d i a t i o n  a lone ,  as may be requi red  i n  t h e  a c t u a l  s p a c e c r a f t  
environment. 

The t h r u s t e r  has  been opera ted  f o r  t h e  most p a r t  a t  a beam 
vol tage  V, = 2 kV and an accel e l ec t rode  vol tage  VA, = -3 kV, 
y i e l d i n g  a t o t a l  a c c e l e r a t i n g  vol tage  of 5 kV. The cu r ren t  
i n t e r c e p t e d  by t h e  accel e l e c t r o d e  i s  less than 1% of the beam 
c u r r e n t  and decreases  wi th  inc reas ing  mass u t i l i z a t i o n  e f f i -  
c iency,  i n d i c a t i n g  t h a t  most of t h e  accel e l ec t rode  cu r ren t  
arises from charge-exchange s c a t t e r i n g  ra ther  than from d i r e c t  
i n t e rcep t ion .  Thrus te r  opera t ion  has  been notably f r e e  of 
problems a s soc ia t ed  wi th  breakdown or s h o r t i n g  between t h e  
screen  and accel e l e c t r o d e s .  I n i t i a l l y ,  a zone b a f f l e  w a s  used 
which w a s  s i m i l a r  t o  t h a t  shown schemat ica l ly  i n  Fig.  3 f o r  use 
with a 20-cm t h r u s t e r ,  This  b a f f l e  cons i s t ed  of t w o  p a r t s :  a 
c e n t r a l  d i sk  of a diameter somewhat less than  t h e  i n s i d e  diam- 
eter of t h e  cathode-cup pole  p i ece ,  and a coplanar  annular  p i e c e  
concen t r i ca l ly  surrounding the  c e n t r a l  d i sk .  The annular  p i ece  
had an i n s i d e  diameter  equal  t o  t h a t  of t h e  cathode-cup pole  
p iece  and an ou t s ide  diameter  which extended t o  about h a l f  of 
t h e  t h r u s t e r  diameter .  During t h r u s t e r  opera t ion ,  the  zone 
b a f f l e  could be moved a x i a l l y  t o  an optimum p o s i t i o n  (d)  down- 
stream of the  l i p  of t h e  cathode-cup pole  p iece .  

I n  i n i t i a l  experiments ,  t h e  annular  gap w i d t h  (9) be- 
tween t h e  b a f f l e  p a r t s  w a s  s e t  a t  g = 0,129 c m ,  a va lue  c lose  
t o  t h a t  i n  use wi th  t h e  20-cm t h r u s t e r .  Performance improved 
s l i g h t l y  i n  subsequent experiments when g w a s  changed from 
0.127 c m  t o  0.254 c m  and f i n a l l y  t o  0.508 cm.  Typica l  per- 
formance w a s  cha rac t e r i zed  by a d ischarge  vol tage  VD = 38 V,  
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Fig.  8 .  Photograph of t h e  30-cm LM cathode t h r u s t e r .  
(The t h r u s t e r  i s  mounted on t h e  vacuum chamber 
end p l a t e . )  
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and an a x i a l  magnetic f i e l d  i n t e n s i t y  B = 25 G as measured a t  
t h e  t h r u s t z r  midplane. 
450 eV/ion 

The sourae energy p e r  i on  w a s  Vs = 

I n  a subsequent experiment,  a 30-cm diameter,  1 . 2 7  c m  
long, s t a i n l e s s  steel cy l inde r  was-placed over  t h e  most down- 
stream s e c t i o n  of t h e  anode and-was i n s u l a t e d  from it t o  se rve  
as an anode mask. This c y l i n d r i c a l  s t r i p  could be operated a t  
e i t h e r  anode o r  cathode p o t e n t i a l .  When a t  cathode p o t e n t i a l  
it had t h e  e f fec t  of e l e c t r i c a l l y  moving t h e  anode away from 
the  screen  e l e c t r o d e  by 1 . 2 7  cm. The anode mask w a s  i n s t a l l e d  
with t h e  a i m  of i nc reas ing  t h e  l i f e t i m e  of high-energy elec- 
t rons  between t h e i r  emergence from t h e  b a f f l e  gap and t h e i r  
capture  by t h e  anode. With a b a f f l e  having a 0.254-cm annular  
gap and with t h e  anode mask operated a t  anode p o t e n t i a l ,  a s  
much as 70% of t h e  discharge c u r r e n t  was c o l l e c t e d  by the  anode 
mask. When t h e  mask was operated a t  cathode p o t e n t i a l ,  t h e  
cu r ren t  t o  it dropped e s s e n t i a l l y  t o  z e r Q ,  and t h e  charac te r -  
i s t ics  of t h e  discharge were s i g n i f i c a n t l y  changed. I n  par- 
t i c u l a r ,  t h e  discharge vol tage  rose  above i t s  previous value 
o r  could be he ld  a t  a given value with about 75% (B Q 1 4  GI 
of t h e  magnetic f i e l d  i n t e n s i t y  requi red  when t h e  anode mask 
w a s  a t  anode p o t e n t i a l .  

a t  a m a s s  u t i l i z a t i o n . e f f i c i e n c y  q m  = 80%.  

With t h e  anode mask a t  cathode p o t e n t i a l  t he  source energy 
per  ion  was reduced t o  a value VS = 330 eV/ion a t  a m a s s  u t i l i -  
za t ion  e f f i c i e n c y  q = 80%.  Near th i s ,  s e t  p o i n t ,  performance 
d a t a  were obtained For t h r e e  values  of mercury flow-rate equiva- 
l e n t :  1, = 6 0 0 ,  750, and 1 0 0 0  mA. For h igher  values  of m e r -  
cury flow r a t e ,  t h e  ion  beam showed d e f i n i t e  s igns  of sa tura-  
t i o n ,  s imilar  t o  those observed with t h e  20-cm t h r u s t e r .  This 
apparent s a t u r a t i o n  of t h e  ion  beam c u r r e n t  has s i n c e  been over- 
come, and t h r u s t e r  performance has been enhanced s i g n i f i c a n t l y  
by an ove r -a l l  modif icat ion of t he  discharge chamber t o  t h e  
conf igura t ion  shown i n  Fig.  1. 

Severa l  innovat ions from t h e  previous discharge chamber 
conf igura t ion  were incorpora ted  i n  t he  design shown i n  Fig.  1. 
The ove r -a l l  magnetic length of t h e  discharge chamber has been 
reduced from 20 c m  t o  15 cm.  Reduction i n  ove r -a l l  l ength  of 
t h e  LP4 cathode t h r u s t e r  t o  a value c lose  t o  t h e  SERT I1 value2 
of 12.9 c m  was made f e a s i b l e  by an a d d i t i o n a l  modif icat ion 

* 
Vs, t h e  t o t a l  source energy per  i o n ,  i s  equal  t o  t h e  discharge 
energy pe r  i on  because no h e a t e r ,  vapor izer ,  or  keeper power 
is  requi red  with t h e  LM cathode. 



which permi t ted  extensive-post-cathode d ive r s ion  of n e u t r a l  
mercury flow. Both modif ieatfons-were accomplished without  
major changes i n  s t r u c t u r e  b y - t h e  expedient  of p l ac ing  a th in-  
w a l l  hollow i r o n  p i l l -box  a t  t h e  upstream end of t h e  discharge 
chamber. The i r o n  p i l l -box  is  25.4  cm i n  diameter and 5 c m  
high with a c i r c u l a r  c e n t e r  cu tou t  of 6.6 c m  diameter t o  per- 
m i t  t h e  cathode-cup pole  p i ece  t o  protrude through. The length  
of t h e  cathode-cup pole  p iece  w a s  increased  by 5 c m  so t h a t  it 
p ro jec t ed  i n t o  t h e  a c t i v e  r eg ion -o f  t h e  discharge chamber by 
t h e  same length  as before .  I n s i d e  t h e  p i l l -box  on t h e  s i d e  
w a l l s  of t h e  elongated cathode-cup pole  p i ece ,  two bands of 1 2  
ho les  (each 1 .19  c m  diameter) were provided. These holes  were 
covered with a 20 w i r e / c m  s t a i n l e s s  steel mesh which i s  50% 
t r anspa ren t  f o r  n e u t r a l  p a r t i c l e  f lux .  The e f f e c t i v e  open area 
of one band of ho les  could be va r i ed  continuously by a movable 
s h u t t e r  s leeve .  The o t h e r  band was always operated f u l l y  open. 
Eight  ho les  of 2.5 c m  diameter w e r e  p laced equal ly  spaced on a 
12.7-cm diameter circle surrounding t h e  cathode-cup pole  p iece  
on the  downstream su r face  of t h e  hollow i r o n  pi l l -box.  These 
holes  w e r e  also covered by 20 w i r e / c m  s t a i n l e s s  steel  mesh. A 
movable d i sk  b a f f l e  was provided downstream of t h e  l i p  of t h e  
cathode-cup pole  p iece .  This b a f f l e  had a con ica l  edge (see 
Fig.  1) t o  permit continuous v a r i a t i o n  i n  t h e  width of t h e  baf- 
f l e  gap. The dec i s ion  t o  reduce t h e  over-all length of t h e  
discharge chamber toward t h a t  of t h e  SERT I1 t h r u s t e r  was 
i n i t i a t e d  by t h e  b e l i e f  t h a t  t h e  optimum t h r u s t e r  length  
should remain e s s e n t i a l l y  cons tan t  i n  s p i t e  of changes i n  
t h r u s t e r  diameter.  This  b e l i e f  was s t rong ly  re inforced  by 
r e p o r t s  from LeRC’ ’ concerning development t h e r e  of a 30-cm 
hollow-cathode bombardment t h r u s t e r .  

Although t h e  d ive r s ion  of a l a r g e  f r a c t i o n  of t h e  n e u t r a l  
mercury flow w a s  necessary from t h e  s tandpoin t  of uniform ex- 
p e l l a n t  d i s t r i b u t i o n ,  t h e  use of post-cathode p r o p e l l a n t  diver-  
s i o n  is  f e l t  t o  have served an even more important purpose with 
r e spec t  t o  e l imina t ion  of t h e  apparent s a t u r a t i o n  i n  ion  beam 
cur ren t .  Both a t  HRL and elsewhere3 I a tendency has been 
noted f o r  t h e  discharge vo l t age  t o  decrease as t h e  cathode pro- 
p e l l a n t  flow inc reases  while  t h e  geometr ical  parameters of t h e  
discharge chamber are kep t  cons tan t .  This  reduct ion of t h e  
discharge vol tage  i s  accompanied by a degradat ion of t h e  d i s -  
charge chamber performance. With f i x e d  geometry of t h e  open- 
ings  which connect the  cathode-cup region with the main d i s -  
charge chamber, an increased  p r o p e l l a n t  flow through t h e  cath- 
ode r e s u l t s  i n  an increased  p a r t i c l e  d e n s i t y  wi th in  t h e  cup 
region as w e l l  as wi th in  those openings, and - without  r e f -  
erence t o  a s p e c i f i c  mechanism - it must be concluded t h a t  
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t h e  observed performance degrada t fon - i s - a  r e s u l t  of t h i s  dens i ty  
increase .  I n  t h e  i n i t i a l  conf igu ra t ion -o f  t h e  30-cm t h r u s t e r ,  
a l l  of t h e  n e u t r a l  f l o w  w a s  d i r e c t e d  through t h e  mouth of t h e  
cathode-cup pole  p i ece ,  and when t h e  b a f f l e  w a s  i n  i t s  optimum 
a x i a l  p o s i t i o n ,  m o s t  of t h e  p r o p e l l a n t  flow could escape from 
the  cathode cup only through t h e - r a d i a l  gap between t h e  i n n e r  
and t h e  o u t e r  p a r t  of t h e - b a f f l e ;  -Wi th-  t h e  c y l i n d r i c a l  d i sk  
b a f f l e  which was then i n  use,  t h e  optimum p o s i t i o n  w a s  such 
t h a t  t h e  open a r e a  of t h e  a x i a l  gap between cathode cup and 
b a f f l e  w a s  considerably smaller than t h e  open area of the r a d i a l  
gap (see Fig.  3 f o r  a s i m i l a r  example with t h e  20-cm t h r u s t e r ) .  

a ted  a t  a beam c u r r e n t  IB = 830 mA with a m a s s  u t i l i z a t i o n  e f f i -  
ciency u m  = 93% a t  a source energy pe r  i o n  Vs = 338 eV/ion. A s  
before ,  a b e n e f i c i a l  e f f e c t  r e s u l t e d  from t o t a l l y  uncovering t h e  
screened holes  i n  t h e  c y l i n d r i c a l  w a l l s  of t h e  cathode-cup pole  
piece.  Since,  i n  t h i s  configurat ion,  one band of ho les  was always 
open, t h e  e f f e c t  of uncovering t h e  second band w a s  n o t  as dra- 
m a t i c  as be fo re ,  although i t  d id  have t h e  e f f e c t  of i nc reas ing  
t h e  discharge vol tage  by about 3 V and inc reas ing  the  m a s s  
u t i l i z a t i o n  e f f i c i e n c y  by about 3%. I n  i t s  optimum p o s i t i o n ,  
t h e  b a f f l e  w a s  l oca t ed  a t  a d i s t ance  d = 0.5 c m  from t h e  t i p  of 
t h e  cathode-cup pole  p iece .  B e s t  performance w a s  achieved with 
the  anode mask operated a t  cathode p o t e n t i a l .  

I n  i t s  15-cm long conf igura t ion  t h e  30-cm t h r u s t e r  w a s  oper- 

I n  an a d d i t i o n a l  modif icat ion,  a t h i r d  band of screened 
holes  w a s  placed on t h e  c y l i n d r i c a l  s i d e  w a l l  of t h e  cathode-cup 
pole  p iece  t o  i n c r e a s e  performance gains beyond those which 
w e r e  r e a l i z e d  by opening t h e  movable s h u t t e r  s l eeve  covering 
t h e  second s e t  of ho les .  T o  f u r t h e r  i n c r e a s e  t h e  flow of neu- 
t r a l  p a r t i c l e s  through t h e  p i l l -box ,  a second r i n g  of e i g h t  
screened holes  of 2.54 c m  diameter w a s  p laced on i t s  downstream 
face.  

I n  t h i s  conf igura t ion ,  t h e  30-cm t h r u s t e r ,  opera t ing  with 
high-temperature LM cathode K-25-V, y i e lded  a source energy p e r  
ion  VS = 248 eV/ion a t  a m a s s  u t i l i z a t i o n  e f f i c i e n c y  
and an ion  beam c u r r e n t  IB = 1.13 A (mercury flow-rate equiva- 
l e n t  1, = 1.35 A ) .  Also, a source energy pe r  ion  VS = 270 
eV/ion w a s  achieved a t  a mass u t i l i z a t i o n  e f f i c i e n c y  um = 90% 

a source energy per  i on  VS = 292 eV/ion w a s  obtained a t  a mass 
u t i l i z a t i o n  e f f i c i e n c y  q m  = 93%. As before  t h e  b a f f l e  w a s  
provided with a con ica l  edge t o  permit  continuous v a r i a t i o n  of 
t he  b a f f l e  gap f o r  e l e c t r o n  flow. The t h r u s t e r  achieved i t s  
b e s t  performance when it w a s  operated with t h e  screened holes  
i n  t h e  c y l i n d r i c a l  w a l l  of t h e  cathode-cup pole  p i ece  opened 

= 85% 

With IB = 1 . 2 2  A ( I a  = 1.35 A ) .  With I g  = 1 . 4 4  A ( I a  = 1.55 A) 
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f u l l y ,  wi th  t h e  anode mask b i a sed  a t  cathode p o t e n t i a l ,  and 
w i t h  a b a f f l e  p o s i t i 0 n . d  = 02;5-cm;-- Experimental  d a t a  f o r  30- 
c m  t h r u s t e r  performance are shown i n  Fig.  9 .  A dashed curve 
has  been drawn connect ing t w o .  of t h e  - d a t a  p o i n t s ,  because they 
w e r e  ob ta ined  a t  d i f f e r e n t  va lues  of t h e  mercury flow ra te ,  

3. Thrus te r  System Performance 

Discharge-chamber performance wi th  t h e  30-cm t h r u s t e r  
reached its h i g h e s t  l e v e l  of op t imiza t ion  during opera t ion  of 
t he  conf igura t ion  descr ibed  i n  t h e  preceding sec t ion .  Severa l  
new b a f f l e  conf igura t ions  w e r e  t r ied af te rward  i n  an e f f o r t  t o  
f u r t h e r  opt imize 30-cm t h r u s t e r  performance, b u t  no improve- 
ment w a s  r e a l i z e d .  N o  o t h e r  a t tempts  w e r e  made t o  f u r t h e r  op t i -  
m i z e  performance; i n  f a c t ,  several changes which w e r e  made there-  
a f t e r  a c t u a l l y  r e s u l t e d  i n  a s l i g h t  decrease  i n  discharge-  
chamber e f f i c i e n c y  from t h a t  r e f l e c t e d  by Fig.  9 .  These changes 
occurred i n  t h e  process  of conver t ing  t h e  30-cm LM cathode 
t h r u s t e r  i n t o  a f u l l y  compatible i n t e g r a t e d  t h r u s t e r  system w i t h  
a thermally i n t e g r a t e d  s ingle-capi l la ry- f  ed  LM cathode, wi th  high- 
vol tage  i s o l a t i o n  of t h e  t h r u s t e r  from t h e  mercury s to rage  reser- 
v o i r ,  and w i t h  an LM cathode n e u t r a l i z e r .  

The only modi f ica t ion  which might reasonably be expected t o  
r e s u l t  i n  a change i n  discharge-chamber performance w a s  t h e  f a c t  
t h a t  LM cathode K-51 i s  phys ica l ly  smaller and w a s  t he re fo re  lo- 
cated a t  a d i f f e r e n t  a x i a l  l o c a t i o n  from IN cathode K-25-V which 
w a s  used i n  the previous  experiment. When a t tached  t o  the  re- 
movable po r t ion  of t h e  30-cm t h r u s t e r ' s  aluminum backpla te ,  t h e  
pool-keeping s t r u c t u r e  of LM cathode K-51 i s  loca ted  a t  a p o s i t i o n  
R = 9 . 1 7  c m  from t h e  mouth of t h e  cathode-cup pole  p i ece ,  whereas 
R = 7 .08  c m  i n  t h e  case of LM cathode K-25-V. 

Discharge-chamber performance of t h e  30-cm t h r u s t e r ,  oper- 
a t ed  as p a r t  of t h e  t o t a l  t h r u s t e r  system, i s  shown i n  F ig ,  l o .  
Discharge-chamber l o s s e s  exceed those  d isp layed  by the  same 
t h r u s t e r  a t  i t s  h i g h e s t  l e v e l  of op t imiza t ion  by about I S % ,  
b u t  o therwise  -performance c h a r a c t e r i s t i c s  are s imi l a r .  

An ion  beam p r o f i l e  measured 11.1 c m  downstream from t h e  
accel e l e c t r o d e  i s  i l l u s t r a t e d  i n  Fig.  11. The dashed curve 
i s  t h e  beam p r o f i l e  ex t r apo la t ed  t o  t h e  accel e l ec t rode  plane.  
I n  o rde r  t o  draw t h e  maximum ion  c u r r e n t  from an ion-opt ica l  
system it i s  necessary t h a t  t h e  plasma dens i ty  be  r a d i a l l y  uni- 
form. The e x t e n t  t o  which t h i s  i d e a l  is  approached by a given 
t h r u s t e r  can be measured i n  t e r m s  of t h e  quan t i ty  
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rb 
2' I, J ( r )  r d r  

E : =  

(sometimes c a l l e d .  t h e  "perveance e f f i c i e n e y " )  l 6  where J ( r )  is  
the  c u r r e n t  dens i ty  a t  t h e  accel e l e c t r o d e  a t  r ad ius  r ,  Jmax i s  
t h e  maximum c u r r e n t  dens i ty ,  and- r b - - i s  t h e  o u t e r  i o n  beam 
rad ius  a t  t h e  accel eleckrode. -Based-on t h e  dashed curve i n  
Fig.  11 one ob ta ins  E: = 33% for t h e  30-cm t h r u s t e r ,  T h e  sys-  
t e m  w a s  opera ted  wi th  t h e  t h r u s t e r  e l e c t r i c a l l y  i s o l a t e d  from 
the  mercury s to rage  r e s e r v o i r  by a hydrogen-bubble high-vol tage 
i s o l a t o r  which i s  descr ibed  i n  Sec t ion  V-C. The s ing le -cap i l l a ry  
flow impedance (descr ibed  i n  Sec t ion  V-B) served  as a r e l i a b l e  
and h ighly  repea tab le  element of t h e  feed  system. Under t y p i c a l  
opera t ing  condi t ions ,  wi th  t h e  t h r u s t e r  cooled by r a d i a t i o n  a lone ,  
t he  fol lowing equi l ibr ium temperatures  w e r e  measured: cathode 
body temperature  = 195OC, t h r u s t e r  back p l a t e  temperature = 
145OC, and e x t e r n a l  anode-connector temperature = 205OC. The 
LM cathode n e u t r a l i z e r  (descr ibed  i n  Sec t ion  IV-B) opera ted  
with a r a t i o  of  n e u t r a l i z e r  m a s s  flow t o  t o t a l  m a s s  f l o w  (17' N) of 3 .O . . . 3.3% and a t o t a l  coupl ing vo l t age  between t h e  ne% 
t r a l i z e r  and t h e  beam c o l l e c t o r  V N - ~  = 30 V. 
l y  50 hours of opera t ion ,  dur ing  which t h e  n e u t r a l i z e r  provided 
complete i o n  beam n e u t r a l i z a t i o n ,  t h e r e  w a s  no observable  sput-  
ter  e ros ion  of e i t h e r  t h e  n e u t r a l i z e r  o r  t h e  e x t r a c t i o n  elec- 
t rodes .  Ion beam i n t e r c e p t i o n  by t h e  accel e l ec t rode  remained 
cons tan t  a t  less than  1% i r r e s p e c t i v e  of whether t h e  neutra-  
l i z e r  was used. 

Af te r  approximate- 

Data obta ined  from opera t ion  of t h e  t h r u s t e r  system pro- 
v ide  a b a s i s  f o r  i t s  compara t ive-eva lua t ion .  The t o t a l  e f f i -  
ciency of t h e  ove r -a l l  system i s  eva lua ted  i n  Table 111 and 
compared i n  Fig.  1 2  wi th  performance predic ted17 f o r  opera t ion  
of o t h e r  electron-bombardment t h r u s t e r  types  i n  t h e  yea r  1970. 
The data po in t s  l i e  c l o s e  t o  t h e  curve marked "1970 Projec t ion ."  
This performance r ep resen t s  a l e v e l  of e f f i c i e n c y  which i s  
h ighly  compet i t ive  wi th  o t h e r  electrical  propuls ion  systems 
c u r r e n t l y  under development. 

While us ing  t h e  same i o n  e x t r a c t i o n  system, t h e  30-cm 
t h r u s t e r  system (wi th  s ing le-capi l la ry- fed  LM cathode K-51 and 
LM cathode n e u t r a l i z e r  K-48) has a l s o  been operated successfu l -  
l y  a t  a beam vol tage  Vi = 1 kV, corresponding t o  a s p e c i f i c  i m -  
pu lse  Is The t h r u s t e r  opera ted  wi th  a source 
energy p& i o n  Vs = 362 eV/ion a t  a mercury f low-rate  equ iva len t  

eff  = 2750 sec. 
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TABLE I11 

T o t a l  E f f i c i e n c y  of t h e  30-cm T h e r m a l l y  Integrated 
LM C a t h o d e  T h r u s t e r  

Effective specific impulse, Isp,eff 

Beam voltage, VB 

Beam current, IB 

Discharge losses, Vs 

Beam mass utilization efficiency, ‘I, 

Total neutralizer coupling voltage VN-c 

Neutralizer mass flow fraction, qm,N 

Accel interception current, IAc 

Thruster Power: 

Beam power, PB = IB’B 
Discharge power, Ps = IBVs 

Neutralizer power, PN= IBVN-c 

Accel electrode power, PAC = IAcVB 

Isolator power, PIS 

EM pump power,a pEM 
b 
pT Total thruster system power, 

Total Power Efficiency, i)p,T = P /P 

Total mass utilization efficiency, 
B T  

‘m,T ’L ‘m - ‘m,N 
Total thruster efficiency, qT = 

3,580 sec 

2,000 v 
1,110 mA 

264 eV/ion 

80% 

30 V 

3.0% 

12 mA 

2,220 w 
293 W 

33.3 w 
24 W 

3 w  

2 w  

3,710 sec 

2,000 v 
1,120 mA 

283 eV/ion 

83% 

30 V 

3.0% 

11 mA 

2,245 W 

318 W 

33.7 w 
22 w 
3 w  

2 w  

2,575.3 W 

86.2% 

77% 

66.3% 

2,623.7 W 

85.5% 

80% 

68.4% 

3,990 sec 

2,000 v 
1,155 mA 

314 eV/ion 

89.3% 

30 V 

3.3% 

10 mA 

2,310 W 

362 W 

35 w 
20 w 
3 w  

2 w  

2,732 W 

84.5% 

86% 

72.6% 

aThis is the maximum EM pump power and is obtained when the pump is developing its full head. 

bThis value has been determined assuming the use of permanent magnets. 

The average value of PEM over an entire mission will be considerably less than the given value 

During experimentation, 
electromagnets were used to achieve greater operating flexibility; approximately 50 W was con- 
sumed by these magnets. 
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Fig. 1 2 .  Comparison of t h e  present  30-cm LM cathode t h r u s t e r  
system with system performance pro jec ted  f o r  o t h e r  
electron-bombardment t h r u s t e r  types.  
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I 
egf ic iency  qm = 86.5%. 
- 3  kV and the  accel i n t e r c e p t i o n  was less than 1% of the beam 
cur ren t .  

= 1250 mA (beam c u r r e n t  IB = 1160 mA) w i t h  a mass u t i l i z a t i o n  
A s  usua l ,  t h e  accel vol tage  w a s  VAc = 

D. LM CATHODE THRUSTER I N  RADIAL-FIELD CONFIGURATION 

A 15-cm diameter r a d i a l - f i e l d  t h r u s t e r  conf igura t ion  w a s  
devised and t e s t e d  under a se a ra*e -e f fo r t& carried o u t  a t  HRL. 
A s  s t a t e d  i n  t h e  f i n a l  repor tP6  o f - t h a t  c o n t r a c t ,  " T h i s  geom- 
e t r y  w a s  chosen w i t h  t h e  in t ens ion  of r ep lac ing  t h e  d i f fus ion -  
con t ro l l ed ,  central ly-peaked dens i ty  p r o f i l e  w i t h  a d i s t r i b u -  
t i o n  rendered r a d i a l l y  uniform by I unobstructed motion of elec- 
t rons  along rad ia l  f i e l d  l i n e s . "  - I n  t h e  above e f f o r t ,  a hollow 
cathode was used, housed wi th in  a s o f t - i r o n  cen te r  p o s t  which 
served t o  e s t a b l i s h  a r a d i a l  magnetic f i e l d .  I n  opera t ion ,  this 
conf igura t ion  has y i e lded  t h e  following performance: Discharge 
chamber l o s s e s  (d i s r ega rd ing  cathode power) w e r e  less than  1 9 0  

With a t o t a l  eV/ion a t  a mass u t i l i z a t i o n  e f f i c i e n c  q m  = 9 0 % .  
a c c e l e r a t i n g  vol tage  VT = ( l V B l  + lVAc ) = 5 kV,  an i o n  beam 
c u r r e n t  i n  excess of 400 mA w a s  e x t r a c t e d  with a SERT I1 ion- 
o p t i c a l  system. The beam p r o f i l e  w a s  q u i t e  uniform, t h e  cur- 
r e n t  dens i ty  being e s s e n t i a l l y  cons tan t  over  a c e n t r a l  region 
of 1 2  c m  diameter,  

Encouraged by the  performance e x h i b i t e d  by t h e  r a d i a l -  
f i e l d  t h r u s t e r  using a hollow cathode, a s i m i l a r  radial-f ie ld  
t h r u s t e r  was cons t ruc ted  using an LM cathode. The ion-extrac- 
t i o n  e l e c t r o d e s ,  ba r  e lectromagnets ,  and o u t e r  body of t he  
e x i s t i n g  20-cm t h r u s t e r  served as a basic s t r u c t u r e  which w a s  
modified by the  add i t ion  of s u i t a b l e  components t o  conver t  i t  
t o  an LM cathode r a d i a l - f i e l d  t h r u s t e r .  

A schematic drawing of t h i s  t h r u s t e r  i s  shown i n  Fig.  13.  
I n  t h e  new conf igura t ion ,  t he  magnetic f i e l d  extends r a d i a l l y  
outward f r o m  a c e n t r a l  5-cm diameter hollow s o f t - i r o n  p o s t  t o  
a c y l i n d r i c a l  pole  p i ece  a t  t h e  side w a l l  of t h e  discharge 
chamber. An LM cathode i s  placed wi th in  the c e n t r a l  pos t .  
During t h r u s t e r  opera t ion  t h e  cathode can be moved a x i a l l y  i n  
order t o  seek an optimum p o s i t i o n  wi th in  t h e  cathode-post pole  
p iece  a t  d i s t a n c e  R upstream of t h e  e l e c t r o n  e x i t  ho les ;  ' 

a l t e r n a t i v e l y ,  t h e  cathode can be f ixed  w i t h  r e l a t i o n  t o  t h e  
cathode p o s t  and the  e n t i r e  cathode assembly moved to, an op t i -  
mum p o s i t i o n  L r e l a t i v e  t o  t h e  screen  e l ec t rode .  An annular  
disk-shaped anode extends r a d i a l l y  across  t h e  upstream face of 
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MAGNETIC BACK PLATE 
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Fig. 13 .  Schematic drawing of t h e  20-cm LM cathode t h r u s t e r  
i n  r a d i a l - f i e l d  conf igura t ion .  
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t h e  discharge chamber from 1 . 4  cm-beyond-the c e n t r a l  cathode 
p o s t  t o  near t h e  c y l i n d r i c a l - w a l l s  -of - t h e  d ischarge  chamber. 
The e l e c t r o n  f l u x  emerges f r o m - 2 4  ho les  of 0.475 c m  diameter ,  
l oca t ed  4 c m  from t h e  t i p  of the-ca thode  pos t .  The c ross -  
s e c t i o n a l  area f o r  e lectron-escape through- these  ho le s  can be 
va r i ed  by movement of an electron-f low b a f f l e .  The magnetic 
f i e l d  conf igura t ion  is  such as t o  guide e n e r g e t i c  e l e c t r o n s  
from the  e x i t  ho le s  i n  t h e  c e n t r a l  p o s t  across t h e  e n t i r e  face 
of t h e  e x t r a c t i o n  sc reen ,be fo re  they are c o l l e c t e d  by t h e  anode 
i n  t h e  rear of t h e  discharge chamber. S i x  screened holes  of 
1 .57  c m  diameter ,  l oca t ed  11 .5  c m  from t h e  t i p  of t h e  cathode 
p o s t ,  provide an a l t e r n a t e  pa th  for flow of n e u t r a l  p a r t i c l e s  
from t h e  cathode region i n t o  t h e  discharge chamber. This 
se rves  t o  reduce t h e  n e u t r a l  p a r t i c l e  number dens i ty  wi th in  
t h e  cathode p o s t  and t o  b e t t e r  d i s t r i b u t e  t h e  n e u t r a l  p a r t i c l e  
f lux .  

I n  ope ra t ion ,  t h e  t h r u s t e r  -performance does no t  appear t o  
depend c r i t i c a l l y  on e i t h e r  t h e  p o s i t i o n -  L of t h e  cathode 
p o s t  r e l a t i v e  t o  t h e  sc reen  e l e c t r o d e  o r  t o  p o s i t i o n  R of t h e  
LM cathode wi th in  t h e  cathode-post pole  p iece .  However, a 
s l i g h t  i n c r e a s e  i n  performance does r e s u l t  from t h r u s t e r  oper- 
a t i o n  a t  minimum values  of L and f o r  a value R which lo- 
c a t e s  t h e  cathode a t  a p o s i t i o n  midway between t h e  two sets of 
holes  i n  t h e  cathode pos t .  Thrus te r  performance depends c r i t i -  
c a l l y  on t h e  p o s i t i o n  of t h e  e l e c t r o n  flow b a f f l e ,  with t h e  
b e s t  performance occurr ing  with approximately 5% of t h e  t o t a l  
ho le  area open f o r  t ransmission of e l e c t r o n  f lux .  The t h r u s t e r  
w a s  found t o  ope ra t e  s t a b l y  over t h e  range of n e u t r a l  f low-rate 
equ iva len t  from 1, = 600 mA t o  1 , 1 0 0  mA. A s  shown i n  Fig.  1 4 ,  
t o t a l  source ene rg ie s  pe r  i on  Vs = 302 and 356 eV/ion w e r e  re- 
qu i r ed  f o r  mass u t i l i z a t i o n  e f f i c i e n c i e s  of q m  = 85 and 98%, 
r e s p e c t i v e l y ,  a t  a n e u t r a l  f low-rate equ iva len t  Ia = 1,050 mA. 

The beam c u r r e n t  p r o f i l e  measured 8.8 c m  downstream f r o m  
the  accel e l e c t r o d e  as i l l u s t r a t e d  i n  Fig.  15. The nonsymet r i -  
c a l  na tu re  of t h e  p r o f i l e  i s  probably t h e  r e s u l t  of a misalign- 
ment of t h e  e l e c t r o n  flow b a f f l e  which covered 95% of t h e  t o t a l  
ho le  a r e a  f o r  e l e c t r o n  escape. I n  any f u t u r e  opera t ion  of t h e  
r a d i a l - f i e l d  conf igura t ion ,  e i t h e r  fewer o r  smaller holes  would 
be used so  t h a t  optimum performance would be  achieved with t h e  
holes  more f u l l y  exposed. Pos i t i on  of t h e  b a f f l e  would then n o t  
be so c r i t i c a l ,  and misalignment could e a s i l y  be avoided. A 
major c h a r a c t e r i s t i c  of t h e  r a d i a l - f i e l d  conf igura t ion  i s  i t s  
a b i l i t y  t o  produce a r a d i a l l y  uniform plasma, which i s  important 
i f  t h e  maximum ion  c u r r e n t  dens i ty  i s  t o  b e  drawn from each aper- 
t u r e  of t h e  ion -op t i ca l  system. T h e  uniformity of t h e  plasma 
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42 



E I l l 4  

I 5 O ~  

BEAM CURRENT 1,: 900 mA' 

BEAM PROFILE MEASURED 8.8 cm DOWNSTREAM 
OF THE ACCEL ELECTRODE 

BEAM PROFILE EXTRAPOLATED TO THE 
ACCEL ELECTRODE PLANE 

---- 

RADIAL DISTANCE, r ,  cm 

Fig. 15. Beam profiles of the 20-cm cathode thruster 
in radial-field configuration. 
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density can be assessed-quantitatively-in terms of the quantity 
E defined earlier. Based on- the- dashed- cu-rve in Fig. 14, one 
obtains E = 54%, a significant-increase-over the value of 
E = 33% obtained w i t h  tke-30;cm thruster. 

Performance reported here-for-the-LM cathode thruster in 
the radial-field configuration- gives - only= a- preliminary indi- 
cation of the capability -of - this -thruster- type. The time which 
was available under the subject-contract permitted only a very 
brief effort to optimize-discharge-chamber performance, and 
only a cursory examination of-the thruster's operating charact- 
eristics. The results which have been-obtained indicate, how- 
ever, that thruster performance is sufficiently promising to 
warrant further research at a later date into this mode of 
operation. 
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SECTION I V  

LM CATHODE RESEARCH AND DEVELOPMENT 

A. MAIN THRUSTER-CATHODE DEVELOPMENT 

1. In t roduct ion  

The LM cathode i s  a force-fed l iquid-metal  pool cathode 
which i s  g r a v i t y  independent. The volume of l i q u i d  m e t a l  which 
i s  exposed t o  t h e  discharge i s  s u f f i c i e n t l y  small  t h a t  it is  
a b l e  t o  maintain i t s  i n t e g r i t y  by cohesive fo rces ,  and it i s  
he ld  i n  place by adhesive attachment t o  a pool-keeping s t ruc -  
t u r e  placed wi th in  t h e  s o l i d  metal  cathode body. I n  t h e  ion  
t h r u s t e r  app l i ca t ion  of t h i s  cathode, removal of mercury atoms 
from t h e  l i q u i d  mercury su r face  i s  used t o  feed  t h e  e x p e l l a n t  
i n t o  t h e  discharge chamber. The most favorable  r e s u l t s  have 
been obtained with molybdenum pool-keeping s t r u c t u r e s  of d i -  
vergent-nozzle geometry. A major advantage of t h e  d ivergent  
geometry i s  t h a t  it automatical ly  s t a b i l i z e s  t h e  l i q u i d  m e t a l  
su r f ace  a t  t h a t  l e v e l  i n  t h e  pool-keeping s t r u c t u r e  a t  which 
t h e  r a t e  of removal of metal  atoms from t h e  pool su r face  i s  
exac t ly  balanced by t h e  e x p e l l a n t  feed r a t e  t o  t h e  pool,  
which i s  set  a t  t he  value d e s i r e d  f o r  t h r u s t e r  opera t ion .  

Under t h e  previous c o n t r a c t  (Contract  NASW-1404) t h e  annu- 
l a r  cathode design was adopted for high-temperature appl ica-  
t i o n s ,  i n  preference t o  t h e  c i r c u l a r  geometry, because i t  d i s -  
t r i b u t e s  t h e  t h e r m a l  cathode load PK, th  over t h e  circumference 
of t h e  annulus (independent of the  a rea  of t h e  mercury pool 
AK) rather than around t h e  much smal le r  per imeter  of t h e  cor- 
responding c i r c u l a r  pool ,  This d i s t r i b u t i o n  of t h e  thermal 
load i n  t h e  annular  design serves  t o  i n c r e a s e  i t s  ove r -a l l  
thermal conductance, and opera t ion  can be achieved with a much 
lower temperature drop between t h e  v i c i n i t y  of t h e  mercury pool 
and t h e  body of t h e  cathode. 

Fabr i ca t ion  of t h e  annular  conf igura t ion  i s  n o n t r i v i a l  be- 
cause a feed channel with an annular  gap of 2 . . . 1 2  pm ($ 
0 . 1  . . . 0 .5  x lom3 i n . )  i s  required.  Maintaining t h e  requi red  
to l e rances  on t h e  con ica l  su r f aces  employed i n  t h e  annular  de- 
s i g n  has proved somewhat d i f f i c u l t ,  so t h a t  t h e  annular  cathodes 
i n  ex i s t ence  p r i o r  t o  t h e  s u b j e c t  con t r ac t  e f f o r t  w e r e  f a b r i -  
ca ted  w i t h  annular  gaps of no less than 5 pm. A s  a consequence, 
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the  requi red  electron-to-atom r a t i o s .  couXd-be obtained a t  ele- 
vated temperature only-by  opera t ing- these-ca thodes  i n  a mode 
(referred t o  as t h e  retracted arc -mode) -which d i f f e r s  from t h a t  
employed a t  l o w  temperatures.  The mode change i s  i n d i c a t e d  by 
t h e  observagion t h a t  t h e  s p e c i f i c  thermal - loading (VK, t h )  of 
the cathode i s  no t  cons t an t - a s - the -mereu ry  pool temperature 
(TH i s  increased.  For-an-efeetron-tocakom- emission r a t i o  
Ke/za ?, 1 0 ,  Val eS f o r  VK t h  had been-measured previously as 
l o w  as 2.5 W A -Y - for-T-- H~ ,$ 130°C, and up t o  1 2  W A'l f o r  
T > 3OO0C ( R e f .  4 ) .  

Hg "J 

T h e  necessary electron-to-atom emission r a t i o  ( K e / K a )  f o r  
a t h r u s t e r  a p p l i c a t i o n  i s  determined by the  requi red  beam cur- 
r e n t  ,(IB) , mass u t i l i z a t i o n  e f f i c i e n c y  (qm) , and cathode dis- 
charge c u r r e n t  (IK) , by t h e  r e l a t i o n s h i p  K e / K a  = q m  I K / I B .  
Because it i s  necessary t o  preserve  t h e  same electron-to-atom 
emission r a t i o  Ke/Ka when TH i s  r a i s e d  as for lower tempera- 
t u r e s ,  the  a r e a  AK of t h e  mezcury from which evaporat ion takes 
p lace  must be reduced (Fig.  1 6  ( a )  and ( b ) )  . A t  t h e  same t i m e ,  
the  annular  diameter must be made as l a r g e  a s  poss ib l e  t o  a i d  
i n  the removal of d i scharge  power ( P ~ , t h )  from t h e  cathode 
matr ix ,  and t h e r e f o r e  t h e  width of t h e  mercury su r face  must 
become small .  When t h e  w i d t h  of t h e  r i n g  of mercury i s  re- 
duced t o  t h e  width of t h e  feed channel ("J 5 pm) , f u r t h e r  oper- 
a t i o n  occurs w i t h  t h e  cathode a r c  spo t s  r e t r a c t e d  i n t o  t h e  
feed channel i t se l f  (Fig.  l 6 ( c ) )  o r ,  i n  fac t ,  on t h e  su r face  of 
the  mercury i n  t he  major supply channel (Fig.  1 6  (d) 1 .  I n  t h e  
l a t t e r  ca se ,  when AI( i s  again l a r g e ,  excessive evaporat ion i s  
prevented by t h e  feed channel i t s e l f ,  which a c t s  a s  a vapor 
flow c o n s t r i c t o r  b u t  a t  t h e  same t i m e  in t roduces  an a d d i t i o n a l  
vo l tage  drop (due t o  t h e  plasma losses i n  the  channel) which 
i s  c l e a r l y  de t r imen ta l  t o  t h r u s t e r  performance. 

A second a r e a  of cont inuing LM cathode development deals 
w i t h  the  reduct ion of t h e  amplitude of f l u c t u a t i o n s  i n  the 
mercury flow rate  which occur as  t h e  mercury e n t e r s  t h e  pool- 
keeping s t r u c t u r e .  Flow f l u c t u a t i o n s  r e s u l t  i n  corresponding 
f l u c t u a t i o n s  of t h e  l i q u i d  mercury l e v e l  i n  the pool-keeping 
s t r u c t u r e .  When LM cathodes are operated a t  high temperature 
o r  a t  high values  of the electron-to-atom r a t i o  K e / K a ,  t h e  
equi l ibr ium p o s i t i o n  of t h e  l i q u i d  l e v e l  i s  c l o s e  t o  t h e  up- 
stream end of t h e  pool-keeping s t r u c t u r e  where the mercury 
su r face  a r e a  + (and t h e r e f o r e  t h e  rate of mercury evaporat ion)  
i s  minimized. I n  t h i s  condi t ion ,  f l u c t u a t i o n s  i n  l i q u i d  l e v e l  

-. 
'K, t h  i s  the  r a t i o  of ( thermal  power received by the LM cathode 
from the  discharge)  t o  ( e l e c t r o n  c u r r e n t  de l ive red  by the LM 
cathode t o  the discharge) : VK,th - - P ~ , t h / f ~ *  
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Fig .  1 6 .  Pos i t i ons  of t h e  mercury pool su r face  for an  
annular  LM cathode. 
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cause t h e  mercury su r face  t o  recede=momestarily ou t  of t h e  pool 
keeping s t r u c t u r e  and i n t o -  theTfeed-ehannel;  which r e s u l t s  i n  
momentary o p e r a t i o n - i n - t h e  r e t r a c t e d  arc-mede. F luc tua t ions  
of t h e  mercury flow rate - r e s u l t -  e i t h e r  - from- thermal f l u c t u a t i o n s  
(which i n  t u r n  are dr iven  by t h e - f l o w - f l u c t u a t i o n s ,  r e s u l t i n g  i n  
nonl inear  o s c i l l a t i o n s  with a per iod  of % - 1  sec) ,  o r  from a sur -  
face- tension i n s t a b i l i t y  which map-ocenr whenever a nonwetting 
f l u i d  passes  through a-nar row-f low c o n s t r i c t i o n  (as explained 
i n  Sec t ion  V-B) . -Using- techniques  descr ibed i n  Ref. 5 ,  s u i t a b l e  
thermal design of t h e  poo1;keeping s t ruc tu- re -and  reduct ion  i n  
t h e  volume of t h e  mercury - plenum- (which - e x i s t s  between t h e  por- 
ous tungsten flow impedance and-  t h e  pool-keeping s t r u c t u r e )  have 
already g r e a t l y  reduced t h e  amplitude of thermally induced 
f l u c t u a t i o n s .  

Research and development of t h e  liquid-mercury- f ed  LM cath- 
ode has concentrated both on t h e  design and f a b r i c a t i o n  of LM 
cathodes with feed-channel gaps which are s u f f i c i e n t l y  narrow 
t o  avoid t h e  necess i ty  of discharge opera t ion  i n  t h e  r e t r a c t e d  
arc mode, and on reduct ion  of t h e  amplitude of f low-rate  f luc tu -  
a t i o n s  which r e s u l t  e i t h e r  from t h e  a c t i o n  of thermal f luc tua-  
t i o n s  on a mercury plenum or from sur face- tens ion  i n s t a b i l i t i e s .  
The a b i l i t y  of t h e  LM cathode t o  success fu l ly  m e e t  t h e  require-  
ments f o r  high-temperature t h r u s t e r  opera t ion  has been enhanced 
f u r t h e r  by t h e  f a c t  t h a t  t h e  requi red  value of the  e lec t ron- to-  
atom ra t io  (Ke/Ka) has  been re laxed  from 1 0  t o  2, 7.  This 
i s  a consequence of t h e  reduct ion i n  t h e  r a t i o  of discharge cur- 
r e n t  t o  beam c u r r e n t  (IK/IB) which was r e a l i z e d  by discharge- 
chamber opt imizat ion.  

Two LM cathodes w e r e  designed, f a b r i c a t e d ,  and t e s t e d  i n  
which a 2.5 vm tantalum shim w a s  used t o  e s t a b l i s h  a uniformly 
narrow feed channel:  an annular  cathode designated K-25-V, and 
a l i n e a r - s l i t  cathode K-45. Both cathodes w e r e  t e s t e d  a t  high 
temperature i n  a diode ,discharge.  The s p e c i f i c  thermal load of 
annular cathode K-25-V w a s  found t o  vary with cathode tempera- 
t u r e  as  expected, and a t  a cathode body temperature TK = 2 O O O C  
t h e  s p e c i f i c  thermal load w a s  found t o  be VK t h  = 3 . 8  W/A f o r  
electron-to-atom emission ratios t y p i c a l  of those requi red  f o r  
t h r u s t e r  opera t ion .  L i n e a r - s l i t  LM cathode K-45 has a l s o  under- 
gone high-temperature t e s t i n g  i n  a diode discharge t o  determine 
i t s  thermal loading c h a r a c t e r i s t i c s . .  The s p e c i f i c  thermal load 
of t h e  l i n e a r - s l i t  cathode w a s  found t o  vary with temperature i n  
a manner s i m i l a r  t o  t h a t  e x h i b i t e d  by annular  cathode K-25-V. 

Under a previous e f f o r t  (Contract  N o .  NASW-1404) an annular  
h igh- temperahre  LM cathode K-26-111 w a s  operated i n  a purely 
vapor-fed mode, with a vapor feed system rep lac ing  the conventional 
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l i q u i d  feed system.’ Although only l i m i t e d  d a t a  w e r e  obtained 
a t  t h a t  t i m e ,  t h e  s p e c i f i c  thermal loading. of K-26-111 i n  t he  
vapor-fed mode w a s  found t o  be somewhat less than t h a t  ob- 
served i n  l i qu id - fed  opera t ion  with t h e  s a m e  cathode. A s  p a r t  
of t h e  LM cathode research ,  diode t e s t i n g  has  been undertaken 
t o  generate  a d d i t i o n a l  d a t a  f o r  a f u l l  eva lua t ion  of t h e  per- 
formance c h a r a c t e r i s t i c s  of t h e  vapor-fed mode of operat ion.  
The d a t a  i n d i c a t e  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  spec i f -  
i c  thermal loading  of t h e  vapor-fed LM-cathode K-26-111 and 
t h a t  of t h e  l iqu id- fed  LM cathode K-254. The vapor-fed LM 
cathode has a l s o  been operated s a t i s f a c t o r i l y  i n  a t h r u s t e r .  

A l l  LM cathodes which have been introduced previously em- 
ploy a porous-tungsten impedance f o r  t h e  r egu la t ion  of mercury 
flow. A new annular  LM cathode (K-51) has been designed, 
f a b r i c a t e d ,  and tes ted lwhich  u t i l i z e s  a s i n g l e - c a p i l l a r y  flow 
impedance t o  reduce t h e  amplitude of f low-rate f l u c t u a t i o n s  
(see Sec t ion  IV-B-3) ; t h i s  cathode also employs a c y l i n d r i c a l  
( r a t h e r  than con ica l )  geometry of t h e  cathode s t r u c t u r e  t o  
permit  more accu ra t e  f a b r i c a t i o n  of t h e  c r i t i c a l  annular  feed 
channel.  Af t e r  i t s  i n i t i a l  check-out i n  a diode d ischarge ,  LM 
cathode K-51 w a s  thermally i n t e g r a t e d  wi th  t h e  t h r u s t e r  and 
operated s a t i s f a c t o r i l y  a s  p a r t  of t h e  30-cm LM cathode t h r u s t e r  
sys  t e m .  

2. Annular LM Cathode K-25-V 

During t h e  preceding c o n t r a c t  (Contract  NASW-1404), two 
annular cathodes w e r e  f a b r i c a t e d  and designated K-25 and K-26. 
Thei r  mean annular  rad i i  w e r e  0.635 mm and 0.91 mm, respec- 
t i v e l y .  A s  p a r t  of t h e  p a s t  research  e f f o r t 4  the  flow passage 
geometry of both cathodes w a s  modified i n  s e v e r a l  s t e p s ,  t he  
most r e c e n t  of which w a s  chosen t o  optimize opera t ion  i n  t h e  
vapor-fed mode. I n  t h e i r  f i n a l  s t a g e s  of modif icat ion n e i t h e r  
cathode was s u i t a b l e  f o r  opera t ion  i n  t h e  l iqu id- fed  mode. 

Under t h e  s u b j e c t  c o n t r a c t  e f f o r t  t h e  smaller of t h e  two 
annular  cathodes (K-25) w a s  reworked t o  r e t u r n  it t o  l i qu id -  
fed  opera t ion .  In i t s  p resen t  conf igura t ion  the  cathode i s  
designated K-25-V. The mean apnular  r ad ius  has  been enlarged 
t o  a value of 1.27 mm. The technique of assembly ind ica t ed  
schematical ly  i n  Fig.  1 7  i s  similar t o  t h a t  used previous ly ,  
b u t  wi th  one s i g n i f i c a n t  change which r e s u l t e d  i n  a consider- 
a b l e  i n c r e a s e  i n  t h e  f a c i l i t y  wi th  which t h e  c r i t i ca l  dimen- 
s i o n  of t h e  narrow annular  gap could be con t ro l l ed .  A s  before ,  
t h e  two con ica l  w a l l s  of t h e  annular  gap are machined sepa ra t e ly  
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Fig.  17.  Annular LM cathode (K-25-V) us ing  a tantalum 
shim t o  e s t a b l i s h  t h e  feed channel width. 
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and p laced  i n  t h e  proper  r e l a k i v e  p o s i t i o n  by t h e i r  own s e l f -  
cen te r ing  geometry. Next , the two cones are lapped toge the r  t o  
a p e r f e c t  match. The r equ i r ed  annular  feed  channel s e p a r a t i o n  
i s  then e s t a b l i s h e d  by mating t h e  two cones toge the r  wi th  only 
a narrow tantalum shim (2.5 pm t h i c k )  s e p a r a t i n g  them ( t h i s  i s  
t h e  new p a r t  i n  t h e  assemb3.y procedure) .  

Mercury i s  f ed  under p re s su re  t o  a s m a l l  annular  plenum 
machined near  t h e  t i p  of t h e  p o s i t i v e  cone. I t  flows forward 
toward t h e  t i p  through t h e  narrow - feed- channel , i n t o  t h e  annu- 
l a r  pool-keeping s t r u c t u r e  which i s  formed-by t h e  t i p  of t h e  
p o s i t i v e  cone and a s m a l l  r eversed  negat ive  cone which i s  ma- 
chined i n  t h e  f r o n t  face of t h e - p a r t  conta in ing  t h e  mating 
negat ive  cone. Mercury i s  prevented from flowing i n  t h e  o t h e r  
d i r e c t i o n  by a m e t a l  O-ring p laced  midway down the  p o s i t i v e  
cone. (During assembly t h i s  O-ring i s  crushed s u f f i c i e n t l y  
t h a t  t h e  mating con ica l  su r f aces  are sepa ra t ed  only by t h e  
tantalum shim. 1 

Annular cathode K-25-V w a s  operated i n  a diode discharge 
a t  high temperature,  The s p e c i f i c  thermal load (VKftg)  w a s  
measured a t  a d ischarge  c u r r e n t  IK = 7 A f o r  cathode 
pe ra tu res  TK = 2OO0C, 25OoC, and 3OOOC as a func t ion  of t h e  
electron-to-atom r a t i o  K e / K a .  The d a t a  w e r e  p l o t t e d  i n  Fig.  2 .  
The cathode r an  s t a b l y  a t  a l l  temperatures ,  opera t ing  a l l  day 
without  spontaneous e x t i n c t i o n s .  The v a r i a t i o n s  of VK t h  w e r e  
i n  accord wi th  expec ta t ions  based on our  a n a l y t i c a l  mo6el of 
t h e  behavior  of t h e  arc s p o t s . 4  

ody t e m -  

A t  cons t an t  d i scharge  c u r r e n t ,  e i t h e r  an i n c r e a s e  i n  
cathode temperature or a decrease i n  t h e  mercury feed ra te  re- 
s u l t e d  i n  a sh r ink ing  of t h e  exposed annular  mercury su r face .  
The width of t h e  arc-spot  p a t t e r n  w a s  observed t o  decrease wi th  
t h e  mercury su r face ;  i n  t h e  extreme l i m i t ,  both t h e  l i q u i d  su r -  
face and t h e  arc s p o t s  receded i n t o  t h e  2.5 pm wide feed  chan- 
n e l  as t h e  d ischarge  s h i f t e d  t o  t h e  r e t r ac t ed - spo t  mode. This 
mode i s  cha rac t e r i zed  by an i n c r e a s e  i n  V q r f t k ,  t h e  thermal 
power de l ive red  t o  t h e  cathode p e r  u n i t  d i s c  a rge  cu r ren t .  

The cathode w a s  opera ted  a t  high temperature over a per iod  
of s e v e r a l  days i n  t h e  range of i n t e r e s t  for  t h e  30-cm t h r u s t e r .  
An t i c ipa t ing  opera t ion  a t  a beam c u r r e n t  IB = 1 A, m a s s  u t i l i -  
za t ion  e f f i c i e n c y  q m  = 90%, discharge  vo l t age  VD = 35 V, and a 
source energy p e r  i o n  of VS = 250 eV/ion, t h e  cathode w a s  oper- 
ated wi th  a discharge c u r r e n t  IK = 7 A and a n e u t r a l  mercury 
flow rate I, = 1.11 A; thus  , K e / K a  = 6 .3 .  A t  a cathode body 
temperature TK = 2 O O O C  a s p e c i f i c  thermal load  VKfth = 3 . 8  ‘W/A 
w a s  measured. By c a l c u l a t i n g  t h e  temperature drop r equ i r ed  
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t o  d r i v e  t h e  h e a t  from t h e  mercury su r face  t o  t h e  thermocouple 
l o c a t i o n  a t  a r ad ius  of 0 . 4 4  .cm; 1 t h e -  mercury su r face  tempera- 
t u r e  w a s  es t imated  t o  be TH 
A t  a c a l c u l a t e d  mercury surBace temperature T % 355OC (cor- 
responding t o  a measured TK = 250OC) t h e  specH9i.c thermal load 
was VK = 6 W/A, and a t  a. su r face - t empera tu re  T H ~  % 48OOC 
(TK = $b0C) t h e  s p e c i f i c  thermal load w a s  vK,th = 8 W/A. The 
h e a t  de l ive red  t o  t h e  cathode under any of these t h r e e  operat-  
i n g  condi t ions  can be  accommodated by t h e  thermal design of 
t h e  30-cm t h r u s t e r .  

% 233OC under t h e  above condi t ions.  

The same annular  cathode w a s  also eva lua ted  a t  high t e m -  
p e r a t u r e  i n  a diode discharge over a range of c u r r e n t  s u i t a b l e  
f o r  opera t ion  i n  a 20-cm electron-bombardment t h r u s t e r .  Antici -  
pa t ing  a beam c u r r e n t  IB = 600 mA, m a s s  u t i l i z a t i o n  e f f i c i e n c y  
qm = 90%, discharge vol tage  VD = 35 V ,  and a source energy p e r  
ion  Vs = 280 eV/ion, t h e  cathode w a s  operated a t  a discharge 
c u r r e n t  IK = 5 A and a n e u t r a l  mercury flow rate I, = 666  mA. 
A s  i n  t h e  measurements i n  t h e  range of i n t e r e s t  f o r  t h e  30-cm 
t h r u s t e r ,  a t  a cathode body temperature TK = 2 O O O C  (correspond- 
i n g  t o  THg % 232OC f o r  IK = 5 A) , a s p e c i f i c  thermal load 
vK,th - - 3.8 W/A w a s  measured. 
responding t o  TH % 34OOC) t h e  s p e c i f i c  thermal load w a s  
VK t h  = 7 W/A. 
under e i t h e r  of t hese  condi t ions  i s  s u f f i c i e n t l y  s m a l l  t o  per- 
m i t  r a d i a n t  d i s s i p a t i o n  from e i t h e r  t he  30-cm t h r u s t e r  o r  from 
a s i m i l a r l y  designed t h r u s t e r  of 20-cm diameter.  

S imi l a r ly ,  a t  TK = 25OOC (cor- 

?he q u a n t i t y  of h e a t  de l ive red  t o  t h e  cathode 

The two lower-temperature curves i n  Fig.  2 show a maximum 
i n  t h e  value of V ~ , t h  a t  an electron-to-atom f l u x  r a t i o  Ke/Ka % 

4 ... 6 .  This is caused by p a r t i a l  u t i l i z a t i o n  of t h e  cathode 's  
thermal conductance, as a r e s u l t  of ope ra t ion  with arc-spot  
p a t t e r n s  covering only p a r t  of t h e  circumference of t h e  cathode 
annulus a t  low electron-to-atom rat ios .  When t h e  cathode i s  
operated a t  electron-to-atom r a t i o s  above 4 ... 6 ( a t  t h e  par- 
t i c u l a r  c u r r e n t  of 7 A ) ,  a l a r g e r  f r a c t i o n  of t h e  circumference 
becomes u t i l i z e d  and VK t h  decreases .  Past  experiments have 
shown t h a t  when a f u l l - h r c l e  s p o t  p a t t e r n  i s  e s t a b l i s h e d ,  a 
minimum i s  reached beyond which VKrth rises monotonically.  The 
TK = 3OOOC curve does n o t  show a maximum because a t  t h i s  t e m -  
pe ra tu re  t h e  s p o t  p a t t e r n  w a s  always a f u l l  circle wi th in  t h e  
range of observat ion.  The range' of K e / K a  i n  Fig.  2 i s  l i m i t e d  
t o  t h e  p re sen t  range of i n t e r e s t  f o r  bombardment t h r u s t e r  cath- 
odes which are designed t o  pass a l l  of t h e  mercury flow through 
t h e  LM cathode. Higher values  of t h e  r a t i o  Ke/Ka are of i n t e r -  
est only f o r  t h r u s t e r s  designed t o  opera te  with some degree of 
pre-cathode e x p e l l a n t  d ivers ion .  
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3. L inea r -S l i t  LM Cathode K-45 

I n t e r e s t  i n  a l i n e a r - s l i t  LM cathode r e s u l t s  from t h e  ac- 
curacy with which a uniformly narrow mercury feed channel can 
be e s t a b l i s h e d  i n  t h e  l i n e a r  geometry. I n  a high-temperature 
LM cathode, a narrow feed channel i s  necessary t o  avoid oper- 
a t i o n  i n  t h e  retracted arc mode ( t h i s  mode r e s u l t s  i n  h i s h  
thermal power de l ive ry  t o  t h e  ca thode) .  Uniformity of t he  feed  
channel leads  t o  uniformity of t h e  l i n e a r  arc s p o t  p a t t e r n ,  and 
thus t o  f u l l  u t i l i z a t i o n  of t h e  ca thode ' s  thermal conductance. 

The design of t h e  l i n e a r - s l i t  cathode i s  shown schematical-  
l y  i n  Fig.  18.  I t  is  based on a v a r i a t i o n  of t h e  annular  cath- 
ode concept which uses t h e  d i s t r i b u t i o n  of t h e  thermal load 
'K fth r a t  er than over t h e  inne r  and o u t e r  per imeters  of an annular 
mercury pool.  The length  of t h e  r ec t angu la r  pool i n  t h i s  p a r t i c -  
u l a r  cathode is  0.32-cm. S i m i l a r  t o  t h e  technique descr ibed  above 
f o r  t h e  assembly of annular  LM cathode K-25-V, t h e  feed-channel 
s epa ra t ion  of t h e  l i n e a r - s l i t  cathode i s  e s t a b l i s h e d  by i n s e r t i n g  
a 2 . 5  pm t h i c k  tantalum shim between t h e  w a l l s  on e i t h e r  s i d e  of 
t he  pool-keeping s t r u c t u r e  which i s  formed by p res s ing  toge ther  
t h e  two cathode ha lves .  The cathode ha lves  a r e  pressed toge the r  
i n  an experimental  cathode mounting clamp. T h i s  clamp a l s o  con- 
t a i n s  a porous-tungsten flow impedance , flow channels , s e a l s  , 
etc.  

over t h e  per imeter  of a narrow rec t angu la r  mercury pool,  

The cathode has been operated i n  a diode discharge a t  
temperatures from 26 t o  314OC a t  discharge c u r r e n t s  i n  t h e  
range of i n t e r e s t  f o r  opera t ion  of t h e  20-cm and 30-cm t h r u s t -  
ers. Within t h i s  temperature range, s t a b l e  opera t ion  was 
achieved a t  electron-to-atom rat ios  t y p i c a l  f o r  normal t h r u s t e r  
operat ion.  For t h e  electron-to-atom r a t i o s  of i n t e r e s t ,  a t  
temperatures ; . 2 6 O C  mercury would overflow t h e  pool-keeping 
s t r u c t u r e  ( a  problem which could e a s i l y  be  overcome by simply 
en la rg ing  t h e  pool-keeping s t r u c t u r e )  , while  a t  temperatures 

314OC t h e  d ischarge  could n o t  be  maintained; t hus ,  s t a b l e  
opera t ion  a t  these temperature extremes requi red  a dev ia t ion  
of t h e  electron-to-atom r a t i o  from t h e  range of i n t e r e s t .  

The d a t a  l isted i n  T a b l e  I V  show t h e  v a r i a t i o n  of t h e  
s p e c i f i c  thermal load w i t h  cathode body temperature,  and Fig.  
1 9  compares t h e  measurements of V obtained with l i n e a r -  
s l i t  cathode K-45 with those o b t a h %  w i t h  annular  cathode 
K-25-V. The r e s u l t s  do n o t  d i f f e r - a p p r e c i a b l y  i n  the  high- 
temperature region which i s  of p a r t i c u l a r  i n t e r e s t .  
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TABLE I V  

* 
Cathode Body D i s  charge E lec t ron-  to- S p e c i f i c  

Temperature, TK,  Current ,  Atom R a t i o ,  Thermal 
OC IK, A Ke’Ka Load, VK,th, W/A 

26 5.5 1 9  1 .3  

8 4  5.2 6 . 1  4 . 4  

1 6  5 5.0 6 . 4  4 .6  

233 5.3 5 .1  6 . 2  

Operating C h a r a c t e r i s t i c s  of L inea r -S l i t  Cathode K-45 

A f t e r  t h e  l i n e a r - s l i t  cathode discharge had been operated 
f o r  approximately 1 0  hours ,  i t  was noted t h a t  t h e  tantalum shim 
n e a r e s t  t o  t h e  d ischarge  appeared t o  be p a r t i a l l y  eroded. This 
does n o t  occur with t h e  annular  cathode K-25-V which aLso uses 
a tantalum shim t o  e s t a b l i s h  t h e  narrow feed channel,  because 
i n  t h a t  case t h e  shim i s  t o t a l l y  recessed away ‘from t h e  pool- 
keeping s t r u c t u r e .  Because no increased  performance capabi l -  
i t ies  were exh ib i t ed  by l i n e a r - s l i t  LM cathode K-45, no f u r t h e r  
e f f o r t  w a s  d i r e c t e d  toward i t s  development. * A  

4. Vapor-Fed L M  Cathode K-26-111 

Observations of LM cathode opera t ion  i n  t h e  retracted arc 
mode i n d i c a t e  t h a t  as t h e  mercury contained i n  t h e  pool-keeping 
s t r u c t u r e  sh r inks  t o  t h e  s i z e  of t h e  feed channel,  t h e  arc-spot  
p a t t e r n  becomes d i f f u s e  ( i . e . ,  t h e  cathode glow i s  d i s t r i b u t e d  
uniformly over an  area a t  t h e  mouth of t h e  feed channel rather 
than concentrated along t h e  l i n e  of i n t e r s e c t i o n  of t h e  mercury 
and molybdenum s u r f a c e s ) .  I n  t h i s  mode, t h e  mercury su r face  i s  
below t h e  mouth of t h e  channel,  b u t  copious evaporat ion keeps 
the  mouth of t h e  feed  channel suppl ied  wi th  vapor,  and t h e  arc 
s p o t s  a r e  be l ieved  t o  e x i s t  by v i r t u e  of t r a n s i e n t  condensation 
of t h i s  vapor on t h e  wa l l s  of t h e  feed  ~ h a n n e l . ~  

56  



Under a previous e f f o r t  (Contract  N o .  NASW-1404) an annu- 
l a r  high-temperature LM cathode K-26-111 w a s  operated i n  a 
purely vapor-fed mode, with a va or feed  system rep lac ing  t h e  

t o  demonstrate complete s p a t i a l  s epa ra t ion  between t h e  region 
where t h e  vapor i s  evolved from t h e  l i q u i d  mercury su r face ,  
and t h e  region a t  t h e  mouth of t h e  molybdenum feed channel 
where t he  mercury vapor serves  t o  s u s t a i n  a d i f f u s e  arc-spot  
p a t t e r n .  

conventional l i q u i d  feed  system. ? I n  t h i s  way, it w a s  poss ib l e  

To genera te  s u f f i c i e n t  d a t a  with which t o  properly eva lua te  
t h e  performance c h a r a c t e r i s t i c s  of t h e  vapor-fed mode of high- 
temperature LM cathode opera t ion ,  measurements have been per- 
formed on cathode K-26-111 i n  a diode discharge.  I n  i t s  pres- 
e n t  conf igu ra t ion ,  vapor-fed annular  cathode K-26-111 i s  jo ined  
t o  a l i q u i d  mercury feed  system by means of a mercury vapor izer  
which i s  hea ted  independently f r o m  t h e  cathode. Performance of 
t h e  vapor izer  was f i r s t  e s t a b l i s h e d  by ope ra t ing  it without  t h e  
cathode a t tached .  For t y p i c a l  n e u t r a l  mercury flow r a t e s ,  a l l  
t h e  mercury which passed through t h e  vapor izer  was f u l l y  evapo- 
r a t e d  when t h e  vapor izer  body temperature w a s  he ld  a t  a t e m -  
p e r a t u r e  g r e a t e r  than  18OOC. T o  a s su re  complete evaporat ion i n  
diode ope ra t ion ,  t h e  vapor izer  temperature w a s  maintained a t  
approximately 420OC. The s p e c i f i c  thermal load of t h e  cathode, 

TK f o r  an electron-to-atom emission r a t i o  of i n t e r e s t  &tgh 

f o r  20- and 30-cm t h r u s t e r s .  The n e u t r a l  mercury flow-rate 
equiva len t  Ia w a s  approximately 1 .45  A. 

Figure 20 compares t h e  r e s u l t s  obtained w i t h  high-temper- 
a t u r e  annular  LM cathodes K-25-V ( l iqu id - fed )  and K-26-111 
(vapor-fed) . For cathode temperatures below about 2 6 O o C ,  m e r -  
cury vapor was observed t o  condense permanently ( r a t h e r  than 
t r a n s i e n t l y )  a t  t h e  cathode t h r o a t ,  and t h e  discharge w a s  d i f f i -  
c u l t  t o  maintain a t  t h e  noted electron-to-atom emission r a t i o  
and discharge cu r ren t .  For cathode temperatures above approxi- 
mately 34OOC t h e  d ischarge  could n o t  be maintained a t  t h e  
desired electron-to-atom r a t i o .  The  l a t t e r  r e s u l t  confirms 
t h e  prev ious ly  pos tu l a t ed  theory of opera t ion ,  which empha- 
s i z e s  t h e  requirement f o r  t r a n s i e n t  condensation of mercury 
vapor t o  occur on t h e  cathode su r faces  i n  o rde r  t o  permit  t h e  
formation of a r c  s p o t s .  

was measured a s  a func t ion  of t h e  cathode body tempera- 

The performance of t h e  vapor-fed cathode K-26-111 does n o t  
d i f f e r  appreciably from t h a t  of t h e  l iqu id- fed  cathode K-25-V 
so  far  as thermal loading i s  concerned. I t  should be noted, 
however, t h a t  i n i t i a l l y  a vapor--fed LM cathode must be heated 
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e x t e r n a l l y  t o  temperatures wi th in  t h e  ope ra t ing  range before  
a discharge can be  maintained. F o r ’ a  given a p p l i c a t i o n ,  t h e  
vapor-fed and l i qu id - fed  modes can be expected t o  give s i m i l a r  
performance, and t h e  choice between them should be made accord- 
i n g  t o  t h e  needs of t h e  ove r -a l l  t h r u s t e r  system. 

To demonstrate t h a t  vapor-fed LM cathodes r ep resen t  a 
p r a c t i c a l  a l t e r n a t i v e  t o  l iqu id- fed  LM cathodes i n  t h r u s t e r  
a p p l i c a t i o n s ,  t h e  20-cm t h r u s t e r  w a s  operated b r i e f l y  with 
vapor-fed LM cathode K-26-111. With a n e u t r a l  f low-rate 
equiva len t  I8 = 731 mA, a m a s s  u t i l i z a t i o n  e f f i c i e n c y  rl 
88% w a s  obtained with a t o t a l  source energy p e r  ion  Vs M= 
560 eV/ion. The cathode body and vapor izer  temperatures w e r e  
292OC and 313OC, r e spec t ive ly .  These r e s u l t s  demonstrate 
adequately t h e  f e a s i b i l i t y  of t h r u s t e r  opera t ion  with a vapor- 
fed LM cathode, and no t h r u s t e r  opt imizqt ion w i t h  t h i s  cathode 
type was c a r r i e d  ou t .  

Discharge losses with t h e  vapor-fed LM cathode w e r e  s i g -  
n i f i c a n t l y  g r e a t e r  than those encountered with t h e  l iqu id- fed  
LM cathode which had been used throughout t h e  program t o  o p t i -  
m i z e  t h e  performance of t h e  20-cm t h r u s t e r .  The less- than-  
optimum performance obtained wi th  t h e  vapor-fed LM cathode can 
be understood f o r  t h e  fol lowing reasons: (1) t h e  cathode could 
no t  conveniently be placed with t h e  e x i s t i n g  cathode-cup pole  
p i ece  a t  t h e  previously e s t a b l i s h e d  optimum p o s i t i o n ,  ( 2 )  t h e  
lowest value of t h e  n e u t r a l  flow rate  a t  which vapor-fed LM 
cathode K-26-111 w a s  designed t o  be operated i s  considerably 
above t h e  value f o r  optimum performance of t he  20-cm t h r u s t e r  
discharge chamber i n  t h e  conf igura t ion  employed, and (3)  t h e  
d i s t r i b u t i o n  of plasma dens i ty  may be considerably d i f f e r e n t  
with t h e  vapor-fed LM cathode from t h a t  obtained with t h e  
l iqu id- fed  LM cathode used i n  t h e  t h r u s t e r  opt imizat ion.  

= 

5. Annular LM Cathode K-51 

A l ight-weight  annular  LM cathode was f a b r i c a t e d  f o r  use 
with t h e  30-cm t h r u s t e r ;  it i s  designated as K-51. This LM 
cathode is  shown schematical ly  i n  Fig.  2 1 ,  a t t ached  d i r e c t l y  

’ 
t o  t h e  removable po r t ion  of t h e  aluminum backplate  of t h e  
thermally i n t e g r a t e d  30-cm t h r u s t e r .  The design of t h i s  LM 
cathode d i f f e r s  from t h a t  of previous high-temperature LM cath- 
odes i n  t h a t  t h e  annular  feed channel i s  c y l i n d r i c a l  r a t h e r  
than con ica l  i n  shape. With t h e  c y l i n d r i c a l  geometry, i t  i s  
p o s s i b l e  t o  more accu ra t e ly  f a b r i c a t e  t h e  c r i t i ca l  dimensions 
of t h e  feed  channel which i s  necessary f o r  e f f i c i e n t  high- 
temperature opera t ion .  This LM cathode w a s  designed s p e c i f i c a l l y  
t o  t ake  f u l l  advantage of opera t ion  w i t h  a s i n g l e - c a p i l l a r y  feed 
system (see Sec t ion  V-B) . 
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Figure 22 i s  a photograph showing t h i s  cathode mounted f o r  
t e s t i n g  i n  a diode discharge.  A gas-cooled m e t a l  h e a t  s ink  is  
a t t ached  t o  t h e  o u t e r  edge of t h e  removable s e c t i o n  of t h e  
t h r u s t e r ' s  aluminum backpla te  as a s u b s t i t u t e  f o r  t h e  h e a t  s ink  
normally provided by t h e  t h r u s t e r  i t s e l f .  Diode tests with t h i s  
LM cathode w e r e  l i m i t e d  t o  t h e  demonstration t h a t  s a t i s f a c t o r y  
opera t ion  w a s  achieved over t h e  range of i n t e r e s t  f o r  opera t ion  
of t h e  30-cm t h r u s t e r .  S u f f i c i e n t  t i m e  w a s  n o t  a v a i l a b l e  wi th in  
t h e  s u b j e c t  c o n t r a c t  t o  e s t a b l i s h  t h e  temperature dependence of 

4 W/A a t  2 O O O C  i s  i n d i c a t e d  by t h e  equi l ibr ium temperaturd at-  
t a ined  by t h e  cathode during t h r u s t e r  opera t ion .  

t h e  s p e c i f i c  thermal load ( V ~ , t h )  ; however, a value of VK th 'L 

LM cathode K-51 has been thermally i n t e g r a t e d  wi th  t h e  
30-cm LM cathode t h r u s t e r .  Under t y p i c a l  ope ra t ing  condi t ions  
(see Sec t ion  I I I - C )  t h e  cathode body temperature w a s  measured 
a t  T = 2 2 O o C ,  whi le  t h e  temperature of t h e  t h r u s t e r  backplate  
was S O O O C .  

B. LM CATHODE NEUTRALIZERS 

1. In t roduc t ion  

The L14 cathode w a s  in tended o r i g i n a l l y  t o  se rve  as a cath- 
ode f o r  t h e  main discharge of electron-bombardment t h r u s t e r s .  
A f t e r  proving i t s  d u r a b i l i t y  and l o w  power consumption i n  t h i s  
a p p l i c a t i o n ,  t h e  LM cathode w a s  adapted f o r  use a l s o  as a neu- 
t r a l i z e r  cathode. T e s t s  conducted t o  d a t e  have demonstrated 
t h a t  t h e  LM cathode i s  w e l l  s u i t e d  a s  a n e u t r a l i z e r ,  and t h a t  
it has t h e  p o t e n t i a l  f o r  b e t t e r  performance than may be possi-  
b l e  wi th  o t h e r  approaches.  A f t e r  t h e  conclusion of a 500-hour 
LM cathode n e u t r a l i z e r  t e s t  i n  conjunction with t h e  4,000-hour 
l i f e  tes t  of a 20-cm L M  cathode t h r u s t e r  i n  1 9 6 6 ,  no measureable 
inc rease  i n  a c c e l e r a t o r  e ros ion  w a s  observed which could be at-  
t r i b u t e d  t o  t h e  use of t h e  n e u t r a l i z e r . "  The body of t h e  LM 
cathode n e u t r a l i z e r  w a s  s i m i l a r l y  f r e e  of any evidence of arc 
eros ion . '  LM cathode n e u t r a l i z e r s  possess  a d d i t i o n a l  a t t r a c t i v e  

3: 
A p o s s i b l e  reason f o r  t h i s  observed absence of n e u t r a l i z e r -  
induced accelerator e ros ion  is  t h e  highly d i r e c t i o n a l  emission 
of t h e  mercury atoms and ions  which emanate from an LM cathode 
toge ther  wi th  t h e  emi t ted  e l e c t r o n s .  This d i r e c t i o n a l i t y ,  i n  
conjunction wi th  appropr i a t e  aiming of t h e  n e u t r a l i z e r  a x i s  
r e l a t i v e  t o  t h e  beam ax i s ,  i s  be l ieved  t o  prevent  t h e  impinge- 
ment on t h e  accel e l e c t r o d e  of i ons  o r i g i n a t i n g  i n  t h e  neutra-  
l i z e r  plasma jet .  
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f ea tu res :  they r e q u i r e  n e i t h e r  heaters nor  vapor izers ,  and 
t h e i r  p r o p e l l a n t  consumption can b e  comparatively l o w .  I n  
diode tests electron-to-atoms emission r a t i o s  of 50 t o  1 are 
obtained. This corresponds t o  a mercury flow-rate equiva len t  
of 20 mA a t  an e l e c t r o n  c u r r e n t  of 1 A. 

The design of the  n e u t r a l i z e r  cathode used during l i f e  
test mentioned above i s  i l l u s h r a t e d  by Fig.  23. T h e  basic d i f -  
fe rence  between the  n e u t r a l i z e r  pool-keeping s t r u c t u r e  and t h a t  
of t h e  main t h r u s t e r  cathode i s  i n  . t h e  use of a bimetal  s t r u c -  
t u r e  i n  t he  case of t he  n e u t r a l i z e r .  The upstream por t ion  con- 
sists of a m e t a l  which i s  permanently w e t t a b l e  by mercury (such 
as copper o r  p la t inum) ,  while  t he  downstream por t ion  i s  made of 
a r e f r a c t o r y  m e t a l  (such as mQlybdgnum or tungsten)  which re- 
q u i r e s  t h e  presence of an arc s p o t  for  each rewet t ing  a f te r  
consumption of a previous mercury Jayer.  T h i s  combination re- 
s u l t s  i n  t h e  a b i l i t y  t o  conta in  a large-amplitude feed-rate 
f l u c t u a t i o n ,  wh i l e  l i m i t i n g  t h e  arc-spot  p a t t e r n  excursions 
under normal ope ra t ing  condi t ions  t o  t h e  upstream proximity of 
t h e  d iv id ing  l i n e  between t h e  t w o  qaterials, thereby maximizing 
t h e  obta inable  electron-to-atom emission ra t io .  

Under t h e  p r e s e n t  con t r ac t ,  research has been undertaken 
t o  e s t a b l i s h  t h e  l i m i t i n g  eleqtron-to-afom f l u x  r a t io  f o r  t h e  
copper-molybdenum bimeta l  pool-keeping s t r u c t u r e ,  and t o  i n v e s t i -  
ga t e  t h e  performance of cathoqes us,ing materials other than 
copper fo r  t h e  upstream por t ion  of t h e  pool-keeping s t r u c t u r e .  
New designs have been developed f o r  LM cathode n e u t r a l i z e r s  
which employ an all-molybdenum pool-keeping s t r u c t u r e .  I n  one 
design t h e  l e v e l  of t h e  l i q u i d  mercury i s  s t a b i l i z e d  by t h e  use 
of a copper s e c t i o n ,  s e rv ing  a s  a wick, which i s  loca ted  e n t i r e -  
l y  upstream of t h e  molybdenum pool-keeping s t r u c t u r e  and which 
has demonstrated t h e  c a p a b i l i t y  t o  smooth o u t  flow f l u c t u a t i o n s .  
The o t h e r  new design conta ins  no copper,  b u t  r a t h e r  depends on 
t h e  uniform f l o w  characteristics of a s i n g l e - c a p i l l a r y  flow 
impedance t o  i n s u r e  t h a t  no large-amplitude feed-rate f luc tua -  
t i o n s  are p resen t .  

2 .  Research 

a. Maximum Electron-to-Atom Emission Rat io  

The r e s u l t s  of a company-supported program a t  HRL18 
had led us t o  expect  t h a t  conSider@ly h igher  electron-to-atom 
emission r a t i o s  than  previously achieved should be obta inable .  
I t  seemed reasonable  t o  expect  a maximum value of Ke/Ka % 200 
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f o r  t h e  n e u t r a l i z e r  c u r r e n t  range. A copper-molybdenum neutra- 
l i z e r ,  having a pool-keeping s t r u c t u r e  wi th  0 .25  mm diameter 
c y l i n d r i c a l  bore,  w a s  s e l e c t e d  t o  t es t  t h e  v a l i d i t y  of t h i s  
p red ic t ion .  An ope ra t ing  temperature of 4OoC w a s  found t o  g ive  
t h e  b e s t  compromise between l o w  mercury l o s s e s  by evaporat ion 
( r e q u i r i n g  l o w  temperature) and avoidance- of mercury reconden- 
s a t i o n  on t h e  downstream p o r t i o n  of t h e  pool-keeping s t r u c t u r e  
(which r equ i r e s  a r e l a t i v e l y  high temperature) .  Such recon- 
densa t ion  would l e a d  t o  f requent  arc e x t i n c t i o n s  i n  t h e  neu- 
t r a l i z e r  c u r r e n t  range. 

When a l l  parameters were optimized, it w a s  indeed found 
poss ib l e  t o  ope ra t e  t h i s  cathode a t  K e / K a  % 200 (average f o r  
a 2-hour r u n ) ,  wi th  a c u r r e n t  of 1 . 9  A and a diode discharge 
vol tage  of 30 V. While t h i s  r e s u l t  w a s  achieved under 
s t r i c t l y  labora tory  condi t ions  and does n o t  r ep resen t  perform- 
ance r e a d i l y  a v a i l a b l e  wi th  a t h r u s t e r  i n  space,  it does dem- 
o n s t r a t e  t h e  u l t ima te  p o t e n t i a l  of t h i s  approach, and i t  con- 
f i r m s  our p red ic t ion .  

b .  Materials Evaluat ion 

The materials used previously wi th  t h e  LM cathode 
n e u t r a l i z e r  design shown i n  Fig.  23 were copper ( f o r  t h e  up- 
stream por t ion)  and molybdenum ( f o r  t h e  downstream por t ion  of 
the pool-keeping s t r u c t u r e ) .  Under t h i s  c o n t r a c t  an e f f o r t  w a s  
concentrated on i n v e s t i g a t i n g  t h e  performance of LM cathode neu- 
t r a l i ze r s  using o t h e r  materials f o r  t h e  upstream por t ion .  T h e  
r e s u l t s  of t h i s  e f f o r t  can b e s t  be represented  by T a b l e  V.  For 
t h e  materials l i s t e d  c l o s e s t  t o  copper, s e v e r a l  days of continuous 
opera t ion  were r equ i r ed  t o  r e v e a l  an i n f e r i o r i t y  compared wi th  
copper, while  f o r  t h e  most extreme e n t r i e s  the def ic iency  be- 
came obvious a f t e r  a f e w  minutes of opera t ion .  

3 .  Development 

a. LM Cathode N e u t r a l i z e r  wi th  Copper Wick Sec t ion  

A new LM cathode n e u t r a l i z e r  des ign  (K-48) has been 
conceived, implemented, and tested. I t  combines t h e  advantages 
of t h e  b imeta l  n e u t r a l i z e r  s t r u c t u r e  (minimum v a r i a t i o n  of t h e  
arc-spot  p a t t e r n  diameter f o r  a given feed-rate f l u c t u a t i o n )  
wi th  those  of t h e  main t h r u s t e r  cathode (a rc-spot  p a t t e r n  al- 
ways located on non-permanently-wettable material, hence no 
arc e ros ion  of s t r u c t u r a l  mater ia l ) .  I n  t h i s  design an a l l -  
molybdenum pool-keeping s t r u c t u r e  i s  coupled t o  t h e  downstream 
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TABLE V 

Evaluat ion of Materials - for- Pool-Keeping S t r u c t u r e a  

Platinum 

Aluminum 

Copper 

50% porous tungs t en  I 

f i l l e d  wi th  copper 

C o l d  r o l l e d  steel 

I r o n  

S t a i n l e s s  s tee l  (304) 

Tungs t e n  

Nicke l  

Tantalum 

Excessive amalgamation, re- 
s u l t i n g  i n  consumption of 
s t r u c t u r a l  material .  

B e s t  over-all performance of 
materials t e s t e d .  

I n s u f f i c i e n t  permanent w e t t a -  
b i l i t y  r e s u l t i n g  i n  i n s t a b i l -  
i t y  of arc s p o t  anchoring a t  
l o w  c u r r e n t s .  

The arrows i n d i c a t e  the  d i r e c t i o n  of i n c r e a s i n g  importance 
of t h e  s ta ted p r o p e r t i e s .  

a 
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end of t h e  porous-tungsten flow impedance by means of a copper 
s e c t i o n ,  s e rv ing  as a wick, which has  demonstrated t h e  capa- 
b i l i t y  t o  smooth o u t  f l o w  f l u c t u a t i o n s .  This  n e u t r a l i z e r  w a s  
opera ted  i n  a diode d ischarge  f o r - p e r i o d s  of s e v e r a l  hours a t  
e l e c t r o n  cu r ren t s  w i th in  t h e  range of ion-beam c u r r e n t  of a 
30-cm t h r u s t e r ,  and good s t a b i l i t y  (e .g . ,  an average of 1 .5  
spontaneous e x t i n c t i o n s  p e r  hour ,  au tomat ica l ly  r e i g n i t e d  by 
a s t a t i o n a r y  pulse  i g n i t e r )  has  been- demonstrated. Typica l  
data p o i n t s  which w e r e  ob ta ined  wi th  K-48 are given i n  T a b l e  V I .  

TABLE VI 

Diode Performance of LM Cathode Neu t ra l i ze r  Having a Copper 
Wick Sec t ion  Followed by an All-Molybdenum Pool-Keeping 
S t r u c t u r e  (a rc-spot  p a t t e r n  always loca ted  on molybdenum) 

Because t h e  a rc-spot  p a t t e r n  is  always loca ted  on molyb- 
denum, no arc  e ros ion  i s  a n t i c i p a t e d  wi th  t h i s  n e u t r a l i z e r  de- 
s ign .  T h e  u l t ima te  l i f e  l i m i t a t i o n ,  which may r e s u l t  from 
amalgamation of the  copper w i c k  s e c t i o n ,  i s  n o t  y e t  f i rmly  
e s t a b l i s h e d ,  b u t  would appear t o  be i n  excess  of 6 , 0 0 0  hours.  
This conclusion i s  based on t h e  f ac t  t h a t ,  a f t e r  having been 
i n  s to rage  f o r  'L 6,500 hours wi th  the  wick s e c t i o n  i n  contac t  
wi th  l i q u i d  mercury, K-48 was-put  back i n t o  s e r v i c e  t o  pro- 
v ide  ion-beam n e u t r a l i z a t i o n  wi th  the  30-em thermally i n t e -  
g ra t ed  t h r u s t e r ,  and no performance d e t e r i o r a t i o n  w a s  observed. 

The e lectr ical  c i r c u i t r y  used f o r  t h r u s t e r  opera t ion  of 
t h e  LM cathode n e u t r a l i z e r  w a s  i d e n t i c a l  t o  t h a t  employed dur- 
i n g  t h e  ear l ier  500-hour t h r u s t e r  test5 (descr ibed  i n  the  
Summary Report f o r  Cont rac t  NAS 3-6262), except  f o r  t h e  re- 
placement of t h e  automatic  mechanical i g n i t e r  by an automatic 
s t a t i o n a r y  pulse  i g n i t e r .  I n  o rde r  t o  avoid any poss ib l e  
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impingement of t h e  n e u t r a l i z e r  plasma je t  on t h e  accel elec- 
t rode ,  t h e  n e u t r a l i z e r  was a t  f i r s t  mounted 'L 4 c m  from the  
beam edge with i t s  axis  i n c l i n e d  a t  30' with r e spec t  t o  the  
beam axis .  This combination of d i s t ance  and angle  w a s  found 
t o  be t o o  conservat ive:  t h e  n e u t r a l i z e r  discharge w a s  d i f f i -  
c u l t  t o  maintain.  Hence t h e  angle between t h e  n e u t r a l i z e r  and 
beam axes w a s  then increased  t o  45O i n  an e f fo r t  t o  achieve 
b e t t e r  neutralizer-beam coupling. This improved t h e  s t a b i l i t y  
of the  n e u t r a l i z e r  discharge t o  the  p o i n t  where e x t i n c t i o n s  
w e r e  e s s e n t i a l l y  l i m i t e d  t o  beam outages due t o  high-voltage 
breakdown. Ion beam n e u t r a l i z a t i o n  was obtained under t y p i c a l  
t h r u s t e r  opera t ing  condi t ions  (see Sec t ion  11-C-3)  w i t h  a 
t o t a l  coupling vol tage  between n e u t r a l i z e r  and c o l l e c t o r  VNmC 
'L 30 V ,  and wi th  electron-to-atom r a t i o s  ( K e / K a )  up t o  2 6 ,  
corresponding t o  a n e u t r a l i z e r  m a s s  flow f r a c t i o n  q 
3.0 ... 3 . 3 % .  

- - 
m,N 

I t  i s  expected t h a t  t h e  n e u t r a l i z e r  can be  operated a t  
considerably h ighe r  values  of Ke/Ka ( a s  i s  t h e  case i n  diode 
opera t ion)  if s t i l l  b e t t e r  neutralizer-to-beam coupling i s  
provided by reducing t h e  r a d i a l  d i s t ance  between t h e  neutra-  
l i z e r  and t h e  beam edge. (Note t h a t  such a reduct ion  of d i s -  
tance ,  a t  cons tan t  angle  between t h e  axes,  does no t  i n c r e a s e  
t h e  p o s s i b i l i t y  of a c c e l  e l e c t r o d e  impingement by t h e  h ighly  
d i r e c t i o n a l  plasma j e t  of an LM cathode n e u t r a l i z e r . )  N o  
trace of n e u t r a l i z e r  o r  a c c e l  e l e c t r o d e  e ros ion  has been ob- 
served a f t e r  50 hours of t h r u s t e r  opera t ion .  

b. All-Molybdenum LM Cathode N e u t r a l i z e r  

A s  an a d d i t i o n a l  s t e p  i n  t h e  series of b a s i c  design 
modif icat ions aimed a t  t h e  e l imina t ion  of p o t e n t i a l l y  l i fe -  
l i m i t i n g  f a c t o r s ,  a t h i r d  type of n e u t r a l i z e r  cathode has been 
designed, f a b r i c a t e d ,  and tested. T h i s  cathode (K-50) does 
no t  conta in  permanently wet tab le  ma te r i a l s  i n  any l o c a t i o n  
where they are ope ra t iona l ly  exposed t o  l i q u i d  mercury. Hence, 
t h i s  n e u t r a l i z e r  type should have p r a c t i c a l l y  no l i f e  l imi t a -  
t i o n ,  b u t  i t s  performance depends on a flow impedance which i s  
capable of providing by i t s e l f  a high degree of flow uniformity.  

T h e  design of K-50 permits  t h e  use of ei ther a porous- 
tungsten o r  a s i n g l e - c a p i l l a r y  flow impedance, and it was hoped 
t h a t  a c a p i l l a r y  i n  t h e  appropr ia te  impedance range for  neutra-  
l i z e r  opera t ion  would become a v a i l a b l e  be fo re  the  end of t h e  
c o n t r a c t  per iod.  This was n o t  t h e  case ,  however, and hence 
K-50 has been t e s t e d  only wi th  a porous-tungsten impedance. 
I n  t h i s  feed mode, s t a b l e  opera t ion  a t  an e l e c t r o n  c u r r e n t  of 
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1 A w a s  l i m i t e d  t o  electron-to-atom ratios up t o  1 0 .  On 
t h e  o t h e r  hand, t h e  a b i l i t y  of a s i n g l e - c a p i l l a r y  flow imped- 
ance t o  provide h ighly  s t a b l e  mercury f l o w  has been demon- 
strated ( a t  h igher  flow rates) i n  a separate experiment,  de- 
s c r i b e d  i n  de t a i l  i n - S e c t i o n  V-B-3-d. The s i g n i f i c a n t  r e s u l t  
i s  the  observat ion t h a t  t h e  diameter of t h e  c i r c u l a r  arc-spot  
p a t t e r n  i n  a con ica l  pool-keeping s t r u c t u r e  d i d  not  vary by 
more than i- 5%, even when t h e - p a t t e r n  diameter was only 
% 0.25  mm. 

Operation of t h e  all-molybdenum n e u t r a l i z e r  with a proper- 
l y  s i z e d  s i n g l e - c a p i l l a r y  flow impedance remains a s  a f u t u r e  
t a s k  t o  which a high p r o b a b i l i t y  of success  can be assigned,  
i n  the  l i g h t  of t he  r e s u l t s  repor ted  above. 
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SECTION V 

L I Q U I D  MERCURY FEED SYSTEM -DEVELOPMENT 

A. INTRODUCTION 

The pneumatic r e s e r v o i r  system shown schematical ly  i n  
Fig.  2 4  has been used t o  r ep len i sh  l i q u i d  mercury t o  t h e  pool- 
keeping s t r u c t u r e  of t h e  LM cathode. Pressur ized  n i t rogen  i s  
appl ied  above a p i s t o n  p res s ing  on t h e  mercury su r face  t o  
serve  as t h e  d r i v i n g  fo rce .  The p i s t o n  p o s i t i o n  i s  i n d i c a t e d  
with a d i a l  i n d i c a t o r  ( c a l i b r a t e d  t o  0 . 0 0 1  i n .  o r  0 . 0 0 0 1  i n . )  
con tac t ing  t h e  top  of t h e  p i s t o n  s h a f t ,  and i t s  change as a 
func t ion  of t i m e  s e rves  as an i n d i c a t i o n  of mercury consump- 
t i o n  and y i e l d s  an accu ra t e  measure of t h e  flow rate.  I n  t h e  
p a s t ,  mercury flow w a s  r egu la t ed  by pass ing  mercury a t  t h e  re- 
qu i r ed  p res su re  through a porous tungsten p lug  used as a f l o w  
impedance. This impedance w a s  placed immediately upstream of 
a small  plenum leading  t o  t h e  feed  channel of t h e  LM cathode 
pool-keeping s t r u c t u r e ,  a s  shown schematical ly  i n  Fig.  25. 

Under t h e  s u b j e c t  c o n t r a c t ,  t h e  s i n g l e - c a p i l l a r y  flow 
impedance has been q u a l i f i e d  a s  a u s e f u l  component f o r  c o n t r o l  
of l iquid-mercury flow i n  t h e  range of i n t e r e s t  f o r  s o l a r  elec- 
t r i c  propuls ion.  Throughout t h e  range which w a s  i n v e s t i -  
ga ted ,  from a f low-rate  equ iva len t  of 50 mA t o  6.5 A,  t h e  flow 
of l i q u i d  mercury through a s i n g l e - c a p i l l a r y  impedance has 
been shown t o  depend l i n e a r l y  on t h e  d r i v e  p re s su re  t o  wi th in  
an experimental  s t anda rd  dev ia t ion  of 5%. 

Management of l i q u i d  mercury flow i n  an LM cathode t h r u s t -  
er  system extends beyond t h e  c a p a b i l i t y  f o r  c o n t r o l  over  t h e  
flow r a t e .  I n  a r e l a t e d  c o n t r a c t  e f f o r t 2 '  (Contract  NAS 7-539) 
t h e  design of l iquid-mercury feed  systems w a s  explored i n  de- 
t a i l .  A number of unique components were b u i l t  and t h e i r  
ope ra t ing  c h a r a c t e r i s  t ics  w e r e  e s t a b l i s h e d  i n  order  t o  b e t t e r  
eva lua te  t h e  var ious  systems considered. Two of t hese  com- 
ponents,  an electromagnet ic  (EM) pump and a high-voltage i so-  
l a t o r ,  have s i n c e  been incorpora ted  i n t o  a breadboard flow 
system which was assembled under t h i s  c o n t r a c t  f o r  a demon- 
s t r a t i o n  of t h e  proper  opera t ion  of each of t h e  components and 
of the  mutual compa t ib i l i t y  of a l l  of t h e  components of t h e  
feed system performing toge the r  with an LM cathode t h r u s t e r .  

7 1  
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Fig. 25. C i r c u l a r  and annular  LM cathode geometries 
with porous-tungsten f l o w  impedances. 
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The system c o n s i s t s  of (1) a gas-pressurized posi t ive-expuls ion 
mercury r e s e r v o i r ,  (2 )  t h e  EM pump, ( 3 )  t h e  liquid-mercury 
high-voltage i s o l a t o r ,  ( 4 )  a s i n g l e - c a p i l l a r y  flow impedance, 
and (5) t h e  30-cm thermally i n t e g r a t e d  t h r u s t e r  operated w i t h  
high-temperature LM cathode K-51 (which w a s  designed t o  t a k e  
f u l l  advantage of t h e  s i n g l e - c a p i l l a r y  feed  system).  

B. SINGLE-CAPILLARY FLOW IMPEDANCE 

P a s t  experience with porous-tungsten impedances has ind i -  
ca ted  t h a t  v a r i a t i o n s  i n  f a b r i c a t i o n  are too numerous t o  permit 
exac t  impedance design: hence these impedances must be fabri-  
cated first and then  calibrated t o  f i n d  which ones m e e t  given 
requirements.  I t  has a l s o  been found t h a t  t h e  f l o w  c a l i b r a t i o n s  
change as a func t ion  of the p a s t  h i s t o r y  of a given porous- 
tungsten impedance w i t h  regard  t o  hea t ing ,  exposure t o  a i r ,  de- 
gree of wet t ing  w i t h  mercury, e tc ,  These disadvantages have 
been overcome by use of t h e  s i n g l e - c a p i l l a r y  impedance, because 
with these t h e  r a t e  of f l o w  i s  a l i n e a r  func t ion  of t h e  appl ied  
pressure  and can be r e a d i l y  ca l cu la t ed .  This  permits  the  exac t  
design of s p e c i f i c  f l o w  impedances t o  match t h e  requirements of 
a given app l i ca t ion .  The s i n g l e - c a p i l l a r y  f l o w  impedance can 
a l s o  be used t o  t r a n s l a t e  a pressure  readout  unequivocally i n t o  
a d i rec t ,  ins tan taneous  flow-rate readout ,  because of i t s  con- 
s t a n t  flow c a l i b r a t i o n .  

Because only a small  p a r t  of t h e  a c t i v e  length of t h e  
s ing le -cap i l l a ry  flow impedance must be i n  t he  in t ima te  proxim- 
i t y  of t h e  cathode, t h e  bulk of t h e  impedance remains a t  reser- 
v o i r  temperature,  wh i l e  t h e  downstream terminus of t h e  tube can 
rise t o  whatever cathode temperature is  r equ i r ed  f o r  thermally 
i n t e g r a t e d  t h r u s t e r  operat ion.  The r e s u l t i n g  thermal i s o l a t i o n  
between t h e  cathode and the  flow impedance r e s u l t s  i n  a repeat-  
a b l e  and p r e d i c t a b l e  r e l a t i o n s h i p  between mercury f l o w  rate and 
app l i ed  p res su re  which i s  independent of t h r u s t e r  ope ra t ing  con- 
d i t i o n s .  I n  t h e  d iscuss ion  below it is  shown t h a t  t h e  s ing le -  
c a p i l l a r y  flow impedance offers s t i l l  another  advantage f o r  
use with the  LM cathode through a reduct ion of the amplitude of 
mercury f l o w  f l u c t u a t i o n s  which occur due t o  sur face- tens ion  
forces .  

1, Flow Uniformity 

I n  order  t o  apprec i a t e  the  f u l l  b e n e f i t s  der ived f r o m  use 
of ' the  s i n g l e - c a p i l l a r y  flow impedance, one must first under- 
s tand  a phenomenon which leads t o  f l u c t u a t i o n s  i n  the rate of 
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mercury flow i n t o  t h e  pool-keeping s t r u c t u r e .  L e t  us assume 
t h a t  a s teady  mercury flow is  provided a t  the ent rance  of t h e  
minimum-diameter s e c t i o n  ( f eed  channel) through which the  
mercury passes  i n t o  t h e  pool-keeping s t r u c t u r e  shown i n  Fig.  26 
and t h a t  mercury w e t s  t h e  wa l l s  of t h e  pool-keeping s t r u c t u r e  
b u t  n o t  those of t h e  feed  channel.  The l i q u i d  i n  t he  pool- 
keeping s t r u c t u r e  i s  a t  a very low p res su re  determined by sur -  
face t ens ion  forces, by t h e  momentum change imparted by sur-  
face evaporat ion of mercury atoms, and by arc pressure .  Be- 
cause the  p res su re  exe r t ed  by su r face  t ens ion  i s  inve r se ly  
p ropor t iona l  t o  t h e  r ad ius  of curva ture  of t h e  l i q u i d  su r face ,  
t h e  magnitude of t h i s  pressure  rises g r e a t l y  t o  a value PFC a t  
a l o c a t i o n  wi th in  t h e  feed  channel where t h e  rad ius  of curva- 
t u r e  i s  a minimum ( t h e  r ad ius  of curva ture  being equal  t o  t h a t  
of t h e  feed channel) .  I n  t h e  upstream d i r e c t i o n ,  t he  pressure  

t8e downstream d i r e c t i o n ,  however, p 
and thus  t h e  downstream segment of t R e minimum-diameter mercu- 
r y  column i s  uns tab le  and tends t o  be expe l l ed  i n t o  t h e  pool- 
keeping s t r u c t u r e .  Such expuls ion leaves a void,  and no 
f u r t h e r  mercury f l o w  e n t e r s  t h e  pool-keeping s t r u c t u r e  u n t i l  
t h e  void i s  f i l l e d  by flow from the  source,  a t  which t i m e  t h e  
system i s  again uns tab le  and t h e  mercury contained i n  t h e  feed 
channel may again be expel led  i n t o  t h e  pool-keeping s t r u c t u r e .  

* 

i s  balanced by t h e  d r i v i n g  pressure  of the f l o w  system. I n  P C  may n o t  be balanced, 

I t  is  apparent  from t h i s  d e s c r i p t i o n  t h a t  there is  a 
tendency f o r  t h e  f l o w  of a nonwetting l i q u i d  through a s m a l l  
c a p i l l a r y  t o  e x h i b i t  f l u c t u a t i o n s  a s  the  l i q u i d  emerges f r o m  
t h e  c a p i l l a r y .  I t  should be noted,  however, t h a t  t h e  p o i n t  
of s epa ra t ion  of t h e  column can be no far ther  upstream of t h e  
pool-keeping s t r u c t u r e  than t h e  upstream terminus of t h e  mini- 
mum-diameter feed channel:  thus  t h e  magnitude of t h e  f l o w  
f l u c t u a t i o n s  i s  l i m i t e d  t o  t h e  volume of t h e  minimum-diameter 
feed channel. The effect  of these f l o w  f l u c t u a t i o n s  can be 
made t o  be n e g l i g i b l e  so long a s  t h e  volume of t h e  feed chan- 
n e l  i s  made smal l  compared with t h e  volume of mercury normally 
contained i n  t h e  pool-keeping s t r u c t u r e .  The designs of LM 
cathode K - 4 1  (shown i n  Fig.  27) and of annular  LM cathode 
K - 5 1  (shown i n  Fig.  21)  a r e  both based on t h i s  p r i n c i p l e .  

T h i s  simple r e l a t i o n s h i p  i s  c o r r e c t  i f  t he  angle  of con tac t  
of t h e  l i q u i d  w i t h  t h e  w a l l  i s  assumed t o  remain cons tan t .  
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Fig.  26 .  F l o w  f l u c t u a t i o n s  due t o  sur face- tens ion  
fo rces .  
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Fig. 27. C i r c u l a r  LM cathode K - 4 1  wi th  s i n g l e - c a p i l l a r y  f l o w  
impedance SC-2. 
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Only by feeding  mercury t o  t h e  cathode through a passage 
wi th  a diameter which i s  everywhere l a r g e r  than  t h a t  of t h e  
feed  channel  can t h e  f l u c t u a t i o n  amplitude due to  surface- ten-  
s i o n  forces  be  reduced t o  t h e  minimum value  imposed by t h e  feed  
channel i t s e l f  .*% If a porous-tungsten. flow impedance i s  used, 
'as shown .in Fig.  25 ,  t h e  f eed  channel does - n o t  p re sen t  t h e  min- 
i m u m  flow diameter t o  t h e  mercury stream. Rather ,  t h e  minimum 
flow diameter would occur w i t h i n  t h e  pores  of t h e  impedance. 
Consequently, t h e  mercury flow e n t e r i n g  t h e  feed-channel would 
no t  be s teady  as w a s  assumed, b u t  would a l ready  e x h i b i t  f luc tu-  
a t i o n s  in t roduced  by t h e  porous-tungsten impedance. These 
primary f l u c t u a t i o n s  would simply add t o  those  in t roduced  by 
t h e  feed  channel.  U s e  of t h e  s i n g l e - c a p i l l a r y  impedance n o t  
only s a t i s f i e s  t h e  c r i t e r i o n  j u s t ,  s t a t e d ,  b u t  a l s o  f u l f i l l s  an 
even more s t r i n g e n t  requirement:  i t  feeds  t h e  mercury t o  t h e  
cathode through a passage of monotonically decreas ing  diameter, 
thereby prevent ing  t h e  t rapping  of gas bubbles .  The s ingle-  
c a p i l l a r y  flow impedance a l s o  p laces  t h e  minimum volume of 
mercury i n  c l o s e  proximity t o  t h e  thermal  f l u c t u a t i o n s  which 
can occur i n  t h e  pool-keeping s t r u c t u r e ,  and so minimizes t h e  
o the r  major cause of flow f l u c t u a t i o n s . 5  

2 .  Impedance Design 

I t  i s  convenient t o  opera te  a liquid-mercury flow system 
a t  an absolu te  p re s su re  i n  excess  of 1 a t m .  The d r i v e  pres- 
su re  should a l s o  be l a r g e  compared wi th  any f l u c t u a t i n g  pres-  
su re  drop which might e x i s t  i n  t h e  system, i n  order  t o  main- 
t a i n  a cons tan t  r e l a t i o n s h i p  between d r i v e  pressure  and mercury 
f l o w  rate.  

A poss ib l e  source  of pressure  f l u c t u a t i o n  i s  r e l a t e d  t o  
t h e  re luc tance  of a nonwetting l i q u i d  (mercury on s t a i n l e s s  
steel)  t o  e n t e r  a c a p i l l a r y  tube which arises from sur face-  
tens ion  fo rces .  This  re luc tance  must be  overcome by a d r i v e  
p re s su re  equal  t o  t h e  pressure  due t o  su r face  tens ion  ( p  1 
which is r e l a t e d  inve r se ly  t o  t h e  tube  diameter  ( D )  by &E 
formula2 

- 4y cos e - 
PST D 

where y is  t h e  c o e f f i c i e n t  of su r f ace  t ens ion  and 0 i s  t h e  
con tac t  angle  between t h e  l i q u i d  and t h e  tube  w a l l .  From 
Ref. 2 1  w e  have ( f o r  mercury on most m e t a l s )  
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8 = 130° 

y = 4 7 3  dynes c m  . -1 

I n  convenient u n i t s  t h e  above formula can be re-expressed as 

Over long per iods  of t i m e ,  t h e  exac t  value of t h e  p re s su re  
may be expected t o  f l u c t u a t e  i n  response t o  changes i n  t h e  PST degree of we t t ing  of t h e  tube w a l l  s u r f a c e  by t h e  mercury. T o  

avoid any r e l a t e d  f l u c t u a t i o n s  i n  impedance c a l i b r a t i o n  o r  i n  
mercury flow ra te ,  t h e  d r i v e  p re s su re  should be  l a r g e  compared 
with t h e  p re s su re  due t o  s u r f a c e  tens ion .  On t h e  o t h e r  hand, 
t h e  d r i v e  p re s su re  must be as l o w  as poss ib l e  i n  o rde r  t o  i m -  
pose minimum c o n s t r a i n t s  on o t h e r  components of t h e  system and 
t o  keep system weight low. Both goals  can be achieved by choos- 
i n g  a c a p i l l a r y  tube of s u f f i c i e n t l y  l a r g e  diameter. 

The flow rate through a s i n g l e - c a p i l l a r y  impedance i s  
l i m i t e d  by viscous fo rces  t o  a value given by P o i s e u i l l e ' s  l a w :  

4 I T D  
128 11 L 

+ =  

where 9 i s  t h e  volume flow ra te ,  D i s  t h e  diameter of a 
c i r c u l a r  c a p i l l a r y  tube ,  L i s  i t s  length ,  i s  t h e  c o e f f i -  
c i e n t  of v i s c o s i t y  of t h e  l i q u i d  (nH = 1.55 x P o i s e ) ,  
and p i s  t h e  d r i v e  pressure .  I n  cgnvenient u n i t s  t h i s  for-  
mula can be re-expressed as 

where Ia i s  t h e  mercury f low-rate  equiva len t .  To i n s u r e  
t h a t  t h e  p re s su re  due t o  s u r f a c e  i s  s m a l l  compared wi th  the  
d r i v e  p re s su re ,  c a p i l l a r y  tubes have been chosen w i t h  t h e  

The length  of t h e  impedance i s  then  s p e c i f i e d  by t h e  value re- 
qu i r ed  t o  y i e l d  t h e  desired flow impedance. 

diameter D s u f f i c i e n t l y  l a r g e  t o  i n s u r e  t h a t  p >> pST' 
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3 .  Impedance Tes t ing  

Four s i n g l e - c a p i l l a r y  flow impedances, des igna ted  SC-1 ... 4, 
have been t e s t e d  under t h i s  con t r ac t .  I n  t h e  f i r s t  t w o  tests,  
involv ing  SC-1 and SC-2, t h e  impedances w e r e  opera ted  i n  t h e  
condi t ion  i n  which they w e r e  rece ived  from t h e  supp l i e r .  The 
rate of mercury flow through these  impedances w a s  a l i n e a r  and 
repea tab le  func t ion  of t h e  app l i ed  p res su re  t o  wi th in  an ex- 
per imenta l  s tandard  devia t ion  of 5% of t h e  maximum values  of 
pressure  and flow rate f o r  a l l  pressures  i n  excess  of zero  p s i g  
( 1 4 . 7  p s i a )  . Greater scat ter ,  however, w a s  apparent  a t  pres-  
su res  below 1 4 . 7  p s i a .  

T o  avoid t h e  p o s s i b l e  e f f e c t s  of contamination of e i t h e r  
t h e  c a p i l l a r y  tubes  o r  t h e  l i q u i d  mercury, flow tests of s ing le -  
c a p i l l a r y  impedances SC-3 and SC-4 were conducted under w e l l -  
con t ro l l ed  experimental  condi t ions .  The i n t e r i o r  of t h e  cap i l -  
l a r y  tubes  w a s  c leaned chemically t o  remove any su r face  con- 
taminat ion which might be  p re sen t .  Both t h e  mercury and t h e  
i n t e r i o r  of t h e  c a p i l l a r y  tubes w e r e  thoroughly outgassed i n  
vacuum a t  e l eva ted  temperature  p r i o r  t o  flowing t h e  mercury 
through t h e  impedances. I n  t h e  tests conducted under such 
con t ro l l ed  condi t ions ,  t h e  mercury f l o w  rate w a s  found t o  be  
a l i n e a r  and repea tab le  func t ion  of t h e  appl ied  pressure  with- 
i n  an experimental  s tandard  dev ia t ion  of 5% over t h e  e n t i r e  
range which w a s  i nves t iga t ed ,  extending from 3 p s i a  t o  200 p s i a .  
This corresponds t o  a mercury f low-rate  equiva len t  extending 
from 50 mA t o  6 A. 

a .  Impedance SC-1 

Single-capi l la ry  flow impedance (SC-1) cons is ted  of 
a 25-cm length  of type  3 0 4  s t a i n l e s s  s teel  tub ing  having an 
ou t s ide  diameter of 0 .018  c m  and an i n s i d e  diameter of 0 . 0 0 7 6  
cm.  The upstream end of t h i s  tube w a s  fas tened  t o  a 1/16 i n .  
diameter  mercury feed l i n e  by means of epoxy cement. T h i s  
feed  l i n e  i n  t u r n  w a s  suppl ied  wi th  mercury by a s tandard  
p is ton-dr iven  mercury feed  system. The downstream end of t h e  
c a p i l l a r y  tube d ischarged  i n t o  a vacuum chamber. P r i o r  t o  
opera t ion ,  t h e  c a p i l l a r y  tube w a s  evacuated t o  % loe3 Torr  by 
pumping both a t  t h e  open downstream end and a t  t h e  mercury 
feed  system p r i o r  t o  i t s  being f i l l e d  wi th  mercury. The feed 
system w a s  subsequent ly  f i l l e d  wi th  mercury under customary 
vacuum condi t ions .  

Mercury w a s  d r iven  through t h e  s ing le -cap i l l a ry  flow i m -  
pedance by applying n i t rogen  p res su re  above t h e  p i s t o n  of t h e  
feed system. T h e  flow ra te  of mercury w a s  accura te ly  deter- 
mined by measuring t h e  displacement of t h e  p i s t o n  of t h e  feed  
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system as a func t ion  of t i m e .  Typical  flow d a t a  p o i n t s  w e r e  
acquired over per iods  of 30 min each. The flow rate of m e r -  
cury through t h e  s i n g l e - c a p i l l a r y  impedance i s  p l o t t e d  i n  
Fig.  28 as a func t ion  of t h e  p re s su re  app l i ed  across  t h e  i m -  
pedance. For changes i n  d r i v i n g  pressure  t o  e i t h e r  h igher  or  
l o w e r  values  w i t h i n  t h e  ope ra t ing  range of 20-75 p s i a ,  t h e  
mercury flow inc reases  l i n e a r l y  with p re s su re  a t  a ra te  of 
Ia/p 0.078 A/psia. Compared with a t h e o r e t i c a l l y  a n t i c i p a t e d  
value 'of Ia /p  = 0 .092  A/psia t h i s  value i s  w e l l  w i th in  the  
to l e rance  a n t i c i p a t e d  from v a r i a t i o n s  i n  tube  diameter.  Flow 
readings w e r e  both l i n e a r  and r epea tab le  as a func t ion  of pres- 
s u r e  i n  t h i s  range t o  w i t h i n  an experimental  s tandard  dev ia t ion  
of k 5% a t  t h e  c e n t e r  of t h e  range. The d a t a  p o i n t s ,  i nd ica t ed  
by circles i n  Fig.  28 ,  e x h i b i t  no h y s t e r e s i s  o r  o t h e r  sys temat ic  
v a r i a t i o n s  i n  t h e  flow r a t e .  

Excursions ou t s ide  t h e  s t a t e d  range r e s u l t e d  i n  c e r t a i n  
sys temat ic  v a r i a t i o n s  i n  t h e  flow r a t e .  Zero flow w a s  observed 
f o r  d r i v i n g  p res su res  of less than 1 0  p s i a ,  and t h e  flow w a s  
s u b s t a n t i a l l y  reduced f o r  a per iod  of about 30 min when t h e  
d r iv ing  pressure  was subsequently r a i s e d  t o  t h e  region of 15 
t o  25 p s i a  fol lowing such a zero-flow condi t ion .  This t r end  
i s  exh ib i t ed  by t h e  d a t a  p o i n t s  i n d i c a t e d  by upward-pointing 
t r i a n g l e s  i n  Fig.  28. S i m i l a r l y ,  when t h e  d r i v i n g  pressure  
was re turned  t o  t h e  ope ra t ing  range a f t e r  having been s e t  a t  
150 p s i a ,  s u b s t a n t i a l l y  h igher  (+ 2 0 % )  flow rates w e r e  re- 
corded f o r  as long as 30 min t h e r e a f t e r .  The l a t t e r  t r end  i s  
exh ib i t ed  by t h e  d a t a  p o i n t s  i n d i c a t e d  by downward-pointing 
t r i a n g l e s  i n  t h e  graph. These sys temat ic  v a r i a t i o n s  have 
s i n c e  been e l imina ted  with impedances SC-3 and SC-4 by observ- 
i n g  more exac t ing  experimental  procedures.  

b. Impedance SC-2 

Based on t h e  encouraging performance of t h e  experi-  
mental impedance SC-1, a second s i n g l e - c a p i l l a r y  impedance 
(SC-2) was cons t ruc ted  which could be a t t ached  t o  an LM cath- 
ode. T h i s  impedance, shown ear l ier  i n  Fig.  2 7 ,  cons is ted  of 
a 150-cm length of 0.0112-cm i . d .  type 304 s t a i n l e s s  s teel  
tubing which was wound about a spool  and t o t a l l y  enclosed 
wi th in  a r i g i d  3/8 i n .  t ubu la r  housing. Both t h e  upstream 
and downstream ends of t h e  c a p i l l a r y  w e r e  attached t o  t h e  
3/8 i n .  t ubu la r  housing with a n icke l - t i t an ium e u t e c t i c  braze.  
The downstream end of t h e  c a p i l l a r y  impedance w a s  pressed 
a g a i n s t  t h e  cathode ad jacent  t o  t h e  upstream end of t h e  mini- 
mum-diameter flow channel which precedes t h e  pool-keeping 
s t r u c t u r e .  A l e a k - t i g h t  seal  w a s  made between t h e  s t a i n l e s s  
steel  c a p i l l a r y  tube and molybdenum cathode body by p res s ing  
one a g a i n s t  t h e  o t h e r  by means of a b o l t  f lange .  
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Data p l o t t e d  i n  'Fig. 29 relate t h e  mercury-flow-rate 
equ iva len t  (Ia) t o  t h e  d r i v i n g  p res su re  (p)  across  t h e  imped- 
ance alone i n  one case, and across  t h e  impedance with t h e  
cathode a t t ached  i n  t h e  o the r .  The incremental  i n c r e a s e  i n  
flow with d r i v i n g  p res su re  i s  t h e  same i n  e i t h e r  case: la /?  = 
0 . 0 8  A/psi. Within experimental  e r r o r , - t h e  measured flow i m -  
pedance i s  i d e n t i c a l  t o  t h e  p red ic t ed -va lue  based on t h e  b e s t  
known dimensions of t h e  s t a i n l e s s  s teel  c a p i l l a r y  tubing.  
S imi la r  t o  t h e  r e s u l t s  repor ted  previous ly  with c a p i l l a r y  SC-1, 
t h e  rate of flow through t h i s  impedance w a s  l i n e a r  and repeat-  
a b l e  over a per iod  of one week t o  wi th in  t h e  experimental  ac- 
curacy of f 5% of t h e  f u l l - s c a l e  reading f o r  a l l  pressures  i n  
excess of zero p s i g  (= 1 4 . 7  p s i a ) .  A s  i n  previous s ing le -  
c a p i l l a r y  tes ts ,  g r e a t e r  s c a t t e r  of t h e  d a t a  po in t s  w a s  ap- 
pa ren t  a t  and below 1 4 . 7  p s i a .  

Although t h e  flow rate a t  a given p res su re  decreases  when 
t h e  cathode i s  a t t ached  t o  t h e  c a p i l l a r y ,  AI,/Ap does n o t  
change. Attachment of t h e  cathode does n o t  s i g n i f i c a n t l y  in-  
c rease  t h e  impedance, b u t  r a t h e r  in t roduces  a cons tan t  pressure  
increment.  The source of t h i s  p re s su re  increment i s  r e l a t e d  t o  
t h e  minute flow f l u c t u a t i o n s  which occur i n  t h e  region of mini- 
mum diameter of t he  cathode feed  channel. A s  descr ibed e a r l i e r ,  
t h e  downstream segment of t h e  mercury column wi th in  t h e  cathode 
feed channel i s  uns tab le  and tends t o  be expel led  i n t o  t h e  
pool-keeping s t r u c t u r e .  Such expuls ion leaves a void,  and no 
f u r t h e r  mercury f l o w  e n t e r s  t h e  pool-keeping s t r u c t u r e  u n t i l  
t he  void i s  f i l l e d  by flow from t h e  source ,  a t  which moment t h e  
system i s  again uns tab le  and t h e  mercury contained i n  t h e  feed 
channel may again be expel led  i n t o  t h e  pool-keeping s t r u c t u r e .  
Since such a void gene ra l ly  e x i s t s  w i th in  t h e  feed channel 
(which i s  p a r t  of t h e  ca thode ) ,  a pressure  p i s  generated 
opposing t h e  d r i v i n g  pressure  when t h e  catho8g i s  a t tached  t o  
t h e  s i n g l e - c a p i l l a r y  flow impedance. This back pressure  must 
be canceled by an equal  d r i v i n g  p res su re  increment t o  maintain 
a given flow r a t e  through t h e  s i n g l e - c a p i l l a r y  flow impedance 
when t h e  cathode i s  a t tached .  The experimentally measured 
pressure  increment of 5 p s i  i s  c o n s i s t e n t  w i t h  t h e  value 
c a l c u l a t e d  i n  accordance w i t h  t h i s  model. 

C .  Impedance SC-3 

T h e  flow c h a r a c t e r i s t i c s  of impedances SC-1  and SC-2 
i n d i c a t e  t h e  presence of phenomena o t h e r  than  those accounted 
f o r  by t h e  b a s i c  theory of s i n g l e - c a p i l l a r y  flow presented i n  
Sec t ion  V-B-1. This lack of correspondence between theory and 
experiment w a s  f e l t  t o  r e s u l t  from experimental  condi t ions  which  
d i f f e r e d  from t h e  i d e a l i z e d  condi t ions  assumed by t h e  theory.  
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I n  order  t o  more c l o s e l y  approach these  i d e a l i z e d  experimental  
condi t ions ,  a mercury flow research  apparatus  w a s  assembled 
which permit ted more c o n t r o l l e d  t e s t i n g - o f  s i n g l e - c a p i l l a r y  
flow impedances by avoiding poss ib l e  u n c e r t a i n t i e s  which might 
be a s soc ia t ed  with t h e  e f f e c t s  -of contamination of e i t h e r  t h e  
c a p i l l a r y  tubes or t h e  l i q u i d  mercury. 

For t h e  f i r s t  tests with t h e  mercury flow research  appara- 
t u s ,  a new s i n g l e - c a p i l l a r y  flow impedance was prepared (de- 
noted as SC-3) , c o n s i s t i n g -  of a 1 ; l O O - c m  length  of 0 .014-cm 
i . d .  type  304 s t a i n l e s s  steel  tubing. The i n t e r i o r  of t h i s  
c a p i l l a r y  w a s  chemically c leaned i n  t h e  sequency of opera t ions  
descr ibed below: 

1. Washed i n  acetone 

2 .  Washed i n  de t e rgen t  and w a t e r  

3. Etched i n  a mixture of equal  p a r t s  HF, HN03, and 
H -0 

L 

4.  Washed i n  deionized water  

5 .  Washed i n  acetone. 

For s o m e  t i m e  t h e  a c i d  s o l u t i o n  of s t e p  N o .  3 discharged 
from t h e  c a p i l l a r y ,  ca r ry ing  a black suspension of contaminants 
which were apparent ly  lodged w i t h i n  t h e  tube.  A f t e r  about 1 
hour,  t h e  discharge w a s  clear. The chemical e t ch  w a s  continued 
f o r  an a d d i t i o n a l  1/2 hour a f t e r  t h a t .  

The c a p i l l a r y  tube was wound about a 1 0 - c m  diameter man-. 
d r e l .  A r e s i s t a n c e  h e a t e r  a t t ached  t o  t h i s  mandrel w a s  used 
t o  h e a t  t h e  s i n g l e - c a p i l l a r y  tube i n  vacuum t o  200'C i n  order  
t o  d r i v e  o u t  any t rapped gases  OS vapors p r i o r  t o  opera t ion  
with mercury. The s i n g l e - c a p i l l a r y  impedance w a s  connected t o  
t h e  f l o w  research  apparatus  shown i n  Fig.  30. I n  this se tup  
mercury i s  he ld  i n  a p i s  ton-driven posi t ive-displacement  feed 
system from which it can e i t h e r  be dr iven  d i r e c t l y  through 
the f l o w  impedance a t  pressures  from 1 4 . 7  t o  200 p s i a ,  or t h i s  
system can be used only a s  a r e s e r v o i r  t o  d e l i v e r  mercury t o  
a precis ion-bore g l a s s  c a p i l l a r y  se rv ing  as a manometer. M e r -  
cury from t h e  manometer can then be used under t h e  pressure  of 
t h e  mercury head a lone  f o r  measurements i n  t h e  range of 0 t o  
15.5 p s i a .  A t  t h e  h ighe r  d r i v i n g  p res su res ,  t h e  ra te  of d i s -  
placement of the p i s t o n  permits  t h e  measurement of t h e  mercyry 
flow rate ,  w h i l e  t h e  rate of displacement of the  mercury 
meniscus i n  t h e  g l a s s  c a p i l l a r y  i n d i c a t e s  t h e  mercury flow 
rate a t  t h e  lower p res su res .  The O-ring seals of t h e  p is ton-  
dr iven  feed system w e r e  l u b r i c a t e d  with Apiezon-H vacuum grease  
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which permited t h e  mercury, c o n t a i n e d - i n  t h e  pis ton-driven feed  
system, t o  be outgassed - under vacuum - a t  temperatures 
up t o  1 O O C .  The c a p i l l a r y  was-baked-a t  18OOC i n  a vacuum of 
3 x lo-' Torr f o r  s e v e r a l  days.  The mercury i n  the  r e s e r v o i r  
was heated under vacuum a t  15OOC. D u r i n g - t h i s  t i m e ,  t h e  e n t i r e  
r e s e r v o i r  w a s  a g i t a t e d  by a v i b r a t o r  t o  h e l p  expel  any gas 
trapped i n  t h e  mercury. 

N o  anomalous v a r i a t i o n s  of t h e  mercury flow rate have been 
observed with impedances prepared and operated according t o  t h e  
experimental  procedures descr ibed  above. A t  t h i s  t i m e ,  however, 
it i s  no t  known which of t h e s e  s t e p s  are t r u l y  necessary t o  
r e a l i z e  t h e  d e s i r a b l e  c h a r a c t e r i s  t i cs  of t h e  s i n g l e - c a p i l l a r y  
impedance. 

I n  t h e  range from 3.4 t o  15 p s i a ,  t h e  pressure  requi red  
t o  force  t h e  mercury through t h e  s t a i n l e s s  s teel  c a p i l l a r y  was 
e s t a b l i s h e d  by the head of a column of mercury he ld  wi th in  a 
s e c t i o n  of precis ion-bore g l a s s  tubing. The mercury flow rate  
was determined by t h e  r a t e  of change i n  t h e  p o s i t i o n  of t h e  
mercury meniscus wi th in  t h e  p r e c i s i o n  bore tubing. Data shown 
i n  Fig.  31, obtained consecut ively over a per iod  of t h r e e  weeks ,  
e x h i b i t  a l i n e a r  dependence of t h e  mercury flow-rate equiva len t  
(Ia) on t h e  absolu te  d r i v i n g  pressure  (p)  with a s tandard  
dev ia t ion  of less than 5%.  The r a t e  of i n c r e a s e  of t he  flow 
r a t e  with inc reas ing  mercury head agrees with t h e  p red ic t ions  
of t h e  theory of P o i s e u i l l e  t o  wi th in  experimental  e r r o r .  An 
e x t r a p o l a t i o n  of t h e  d a t a  i n d i c a t e s  t h a t  t h e  flow rate drops 
t o  zero a t  a mercury head pressure  of 1 .86  p s i a ,  which corre-  
sponds (wi th in  2 0 % )  t o  t h e  pressure  due t o  su r face  t ens ion  
(psT) which i s  p red ic t ed  by theory f o r  t h i s  c a p i l l a r y  diameter.  
To measure t h e  high-pressure flow c h a r a c t e r i s  t ics ,  t h e  manom- 
eter feed  system w a s  replaced by t h e  pis ton-driven feed system. 
Experimental  r e s u l t s  a r e  presented i n  Fig.  32 f o r  t h e  change 
i n  mercury flow r a t e  as t h e  d r i v e  pressure  w a s  var ied  from 
1 4 . 7  t o  215 p s i a .  A s  i n  t h e  lower-pressure tests,  t h e  mercury 
flow rate was found t o  depend l i n e a r l y  on t h e  d r i v e  pressure  
with a s tandard  dev ia t ion  of less than 5%. The s lope  w a s  
AIa/Ap = 3.13 x 
pressure  regime t o  wi th in  t h e  experimental  error. 

A/psi, t h e  same as obtained i n  t h e  l o w  

To determine t h e  e f f e c t  of temperature,  t h e  d r i v e  pres- 
s u r e  was v a r i e d  from 15 t o  200 p s i a  with t h e  temperature of 
t h e  c a p i l l a r y  se t  a t  116OC. The mercury flow r a t e  r e l a t i o n  
remained l i n e a r  while  t h e  s lope  increased  due t o  changes i n  
mercury dens i ty  and v i s c o s i t y .  Af t e r  hea t ing ,  t h e  room- 
temperature measurements w e r e  repea ted ,  and no v a r i a t i o n  w a s  
observed from t h e  o r i g i n a l  room temperature data. 
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I n  summary, mercury f low-rate  equiva len ts  ranging f r o m  
50 mA t o  6.5 A have been obta ined  f o r  d r i v e  pressures  ranging 
from 3.4 t o  2 1 5  p s i a .  The flow r a t e - i s - l i n e a r l y  dependent on 
d r i v e  p re s su re ,  t h e  r e s u l t s  are repea tab le  over  long per iods  
of t i m e ,  and t h e  na tu re  of t h e  c h a r a c t e r i s t i c s  is  no t  funda- 
mental ly  a l t e r e d  by changes i n  impedance temperature.  

A t  t h e  t i m e  of t h e  w r i t i n g  of t h i s  r e p o r t ,  impedance SC-3 
has  been i n  opera t ion  f o r  over  4000 hours.  

d. Impedance SC-4 

A new s i n g l e - c a p i l l a r y  impedance (SC-4)  has  demon- 
s t r a t e d  t h e  supe r io r  flow c h a r a c t e r i s t i c s  which are expected 
from t h i s  type  of impedance when i t  i s  a t t ached  t o  an LM cath- 
ode. This  flow impedance c o n s i s t s  of approximately 1 , 0 0 0  c m  
of 0 .014-cm i . d .  type  304 s t a i n l e s s  steel tub ing ,  wrapped on 
a s t a i n l e s s  s teel  mounting spool .  A s e c t i o n  of c a p i l l a r y  ap- 
proximately 1 0  c m  long ex tends  from t h e  mounting spool  t o  a 
con ica l  adapter  wi th  which t h e  c a p i l l a r y  can be connected 
d i r e c t l y  t o  t h e  cathode. The method of a t tachment ,  shown i n  
Fig.  33, i s  s i m i l a r  t o  t h e  technique which w a s  used wi th  i m -  
pedance SC-2, where t h e  capi l la ry- to-ca thode  seal  w a s  made by 
p res s ing  t h e  s t a i n l e s s  steel  c a p i l l a r y  tube  d i r e c t l y  a g a i n s t  
a molybdenum seat  on t h e  cathode body. I n  t h e  p re sen t  config- 
u r a t i o n ,  t h e  n icke l - t i t an ium e u t e c t i c  braze  used w i t h  SC-2 
has  been rep laced  by an electron-beam weld, thus  e l imina t ing  
any p o s s i b i l i t y  of mercury con tac t  wi th  a braze  material .  A t  
t h e  upstream end of t h e  impedance, a s e c t i o n  of c a p i l l a r y  ap- 
proximately 20  c m  long i s  connected t o  t h e  mercury supply by 
means of a t e f l o n  Swagelok f i t t i n g .  A f i l t e r  ( cons i s t ing  of 
a 0.0125 c m  t h i c k  s t a i n l e s s  s tee l  diaphragm having t e n  0.0025- 
c m  diameter  ho les  through it near  t h e  cen te r )  i s  p laced  between 
t h e  mercury r e s e r v o i r  and t h e  impedance t o  e l imina te  any poss i -  
b i l i t y  t h a t  fo re ign  substances might c log  t h e  c a p i l l a r y  o r  t h e  
cathode feed  channel.  The bulk of t h e  c a p i l l a r y ,  which can be 
baked a t  temperatures  up t o  3OOOC i n  vacuum, i s  thermally iso- 
l a t e d  from t h e  cathode and from t h e  p re s su r i zed  mercury feed 
system. Impedance SC-4 w a s  c leaned  and processed i n  vacuum 
using procedures s i m i l a r  t o  those  employed wi th  impedance SC-3. 

P r i o r  t o  be ing  jo ined  t o  an LM cathode,  flow impedance 
SC-4 w a s  opera ted  a lone  t o  determine i t s  flow c h a r a c t e r i s t i c s ;  
they w e r e  found t o  be  s i m i l a r  t o  those  of s ing le -cap i l l a ry  
SC-3. Impedance SC-4 w a s  then  connected t o  c i r c u l a r  LM cath- 
ode K - 4 1 ,  and t h e  assembly w a s  opera ted  i n  a diode d ischarge .  
The remarkable s t a b i l i t y  exh ib i t ed  by t h e  l iquid-mercury sur -  
f ace  (see Sec t ion  IV-B-3-b) has  demonstrated t h e  freedom from 

90 



MERCURY FLOW 
FROM FEED 

\ 

SINGLE-CAPILLARY FLOW 
IMPEDANCE, SC-4 

/ 
SYSTEM 

c \ 
€965-2R3 

MOLYBDENUM CATHODE BODY 

MOLYBDENUM -TO-STAI NLESS- 
STEEL PRESSURE SEAL 

MINIMUM- DIAMETER FEED CHANNEL’ POOL-KEEPING STRUCTURE 

Fig. 33. Circular LM cathode K-41 with single-capillary flow 
impedance SC-4. 

91 



flow f l u c t u a t i o n s  which was expected of t h e  s ing le -cap i l l a ry  
flow impedance. Impedance SC-4 has  s i n c e  been jo ined  t o  annu- 
l a r  LM cathode K-51 which was thema&tly i n t e g r a t e d  wi th  t h e  
30-cm t h r u s t e r .  With t h i s  cathode-impedance combination it i s  
i n t e r e s t i n g  t o  no te  from t h e  d a t a  of Fig.  34 t h a t  t h e  mercury 
flow rate approaches zero as the d r i v e  pressure  i s  reduced t o  
9.5 p s i a .  This r e f l e c t s  an i n c r e a s e  i n  t h e  pressure  due t o  
su r face  t ens ion  (.pBT), which r e s u l t s  from t h e  very s m a l l  
dimensions of t h e  eed channel of K-51. 

C.  L I Q U I D  MERCURY FEED SYSTEM 

'. 
Performance of s i n g l e - c a p i l l a r y  impedance SC-4 has been 

e n t i r e l y  s a t i s f a c t o r y  f o r  opera t ion  of LM cathode K-51 both 
during i n i t i a l  check-out i n  a diode discharge and when t h e  
cathode w a s  subsequently thermally i n t e g r a t e d  and operated 
with t h e  30-cm t h r u s t e r .  The u t i l i t y  of t h e  s i n g l e - c a p i l l a r y  
flow impedance was s u f f i c i e n t l y  w e l l  e s t a b l i s h e d  by t h e  t h r u s t -  
e r  t es t  t h a t  i t  w a s  then combined with an EM pump and a high- 
vol tage  i s o l a t o r  t o  form a prototype l iquid-metal  feed system. 

1. Components Developed under Contract  NAS 7-539 

The l iquid-mercury high-voltage i so la tor2 '  i s  shown i n  
Fig.  35. I n  t h i s  device (developed a t  HRL under Contract  NAS 
7-539) a hydrogen bubble i s  i n j e c t e d  i n t o  a t e f l o n  section of 
t h e  mercury feed  l i n e ,  where it forms an e l e c t r i c a l l y  i n s u l a t -  
i n g  i n t e r r u p t i o n  of t h e  mercury column. Af t e r  t h e  bubble has 
t r ave led  a p resc r ibed  d i s t ance  down t h e  t e f l o n  tube ,  an elec- 
t r i c a l  s i g n a l  i s  generated by an e l e c t r o n i c  c i r c u i t  connected 
with a bubble-sensing c o i l ,  and a new b w b l e  i s  i n j e c t e d .  The 
f i r s t  bubble then  proceeds t o  a porous-tungsten hydrogen vent ,  
where it d i f f u s e s  o u t  of t h e  feed l i n e  i n t o  t h e  surrounding 
vacuum. Thus a t  l e a s t  one hydrogen bubble i s  p resen t  i n  the  
t e f l o n  tube a t  a l l  t i m e s .  

Under t h e  same c o n t r a c t  an EM pump w a s  designed, con- 
s t r u c t e d ,  and t e s t e d . 2 0  This  device,  p i c t u r e d  i n  Fig.  36, i s  
capable of genera t ing  pressure  changes of t h e  order  of 1 a t m  
with a power expendi ture  of only a few w a t t s .  The pressure  
head produced has  been shown t o  be g r e a t e r  than 80% of t h e  
t h e o r e t i c a l  maximum c a l c u l a t e d  from a knowledge of t h e  pump 
dimensions, magnetic f ie ld ,  and t h e  measured d r iv ing  c u r r e n t . 2 0  
The ohmic h e a t  generated i n  the  mercury w a s  r e a d i l y  d i s s i p a t e d  
by conduction. (Convective h e a t  t r a n s f e r  is  n e g l i g i b l e ,  be- 
cause t h e  mercury flow rate i s  s m a l l . )  Details of t h e  EM pump 
performance are shown i n  Fig.  37. 
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Fig. 36. Photograph of electromagnetic mercury pump. 
(a) Complete pump. (b) Pump components. 
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Both t h e  EM pump and t h e  h i g h - v o l t a g e - i s o l a t o r  w e r e  re- 
q u a l i f i e d  under t h e  s u b j e c t  con t r ac t  t o  ga in  f a m i l i a r i t y  with 
t h e i r  operat ion.  The EM pump w a s  s ea l ed  a g a i n s t  mercury o r  
vacuum leaks ,  f i l l e d  with mercury, and a t t ached  t o  a mercury 
manometer. Measurements with t h e  manometer confirmed t h a t  
pressure  d i f f e rences  w e r e  generated i n  proport ion t o  t h e  
electrical  d r i v i n g  cu r ren t .  The hydrogen-bubble high-voltage 
i s o l a t o r  w a s  operated i n  conjunction with s ing le-capi l la ry- fed  
LM cathode K - 4 1 .  Uninterrupted automatic opera t ion  of t h e  LM 
cathode discharge under t h e  condi t ion  of high-voltage i s o l a t i o n  
w a s  demonstrated f o r  per iods  of s e v e r a l  hours a t  vo l tages  up t o  
4 .5  kV.  The LM cathode funct ioned normally when operated i n  
conjunction with t h e  hydrogen bubble i s o l a t o r .  With t h e  s ing le -  
c a p i l l a r y  flow impedance SC-2 l oca t ed  downstream of t h e  i s o l a t o r ,  
t h e  mercury d r i v i n g  p res su re  t o  t h e  cathode remained cons tan t  
i n  s p i t e  of t h e  a l t e r n a t e  i n j e c t i o n  and evacuat ion of hydrogen 
bubbles from t h e  flow l i n e .  N o  f l u c t u a t i o n s  w e r e  observed i n  
the  flow of mercury t o  t h e  cathode i n  response t o  hydrogen 
bubble formation o r  evacuat ion a t  t h e  i s o l a t o r .  

During t h e  per iod  of component r e q u a l i f i c a t i o n ,  t h e  con- 
t r o l  c i r c u i t r y  of t h e  hydrogen-bubble high-voltage i s o l a t o r  
was modified i n  an e f f o r t  t o  improve i t s  ope ra t iona l  capabi l -  
i t i es .  I n  normal opera t ion  of t h e  high-voltage i s o l a t o r ,  hydro- 
gen bubbles a r e  forced i n t o  t h e  mercury stream by thermal- 
expansion pressure  which i s  developed when a plenum chamber i s  
heated i n t e r m i t t e n t l y  by a pulsed e l e c t r i c a l  resistance hea te r .  
I n  i t s  o r i g i n a l  design,  t h e  c o n t r o l  c i r c u i t  f o r  t h e  pulsed 
h e a t e r  employed a mechanical r e l ay .  A modified conf igura t ion  
has been operated s a t i s f a c t o r i l y  i n  which t h e  r e l ay  i s  replaced 
by a t r a n s i s t o r  switching c i r c u i t ,  thereby e l imina t ing  t h e  only 
moving p a r t  of t h e  e n t i r e  i s o l a t o r  system. Furthermore, two 
new modes of opera t ion  have been demonstrated. I n  t h e  f i r s t  
mode, t h e  bubble-sensing c o i l  and a s soc ia t ed  e l e c t r o n i c  cir- 
c u i t r y  a r e  replaced by a c lock - t imer  which pulses  t h e  plenum 
h e a t e r  t o  e ject  bubbles a t  a s u f f i c i e n t  ra te  t o  a s su re  t h a t  
a t  least  one bubble i s  p resen t  i n  t h e  i n s u l a t i n g  s e c t i o n  of 
t he  mercury feed  l i n e  i n  s p i t e  of poss ib l e  v a r i a t i o n s  i n  t h e  
mercury feed r a t e  over  t h e  range of opera t ion  of t h e  t h r u s t e r  
system. The second new mode of opera t ion  considerably reduces 

, t h e  number of a c t i v e  elements i n  t h e  i s o l a t o r  system and reduces 
. o r  poss ib ly  e l imina te s  t h e  power requirements f o r  t h i s  com- 
ponent. I n  t h i s  mode of opera t ion ,  t h e  pu l se  h e a t e r  i s  no t  
used; i n s t e a d ,  t h e  hydrogen gas flows a t  a cons t an t  rate i n t o  
t h e  plenum chamber which i s  maintained a t  a cons tan t  tempera- 
t u r e .  I n  order  for  t h e  hydrogen gas t o  pene t r a t e  t he  mercury 
column wi th in  t h e  l i q u i d  mercury feed  l i n e ,  t h e  gas pressure  
mus t  r ise t o  a value which exceeds t h e  sum of t h e  h y d r o s t a t i c  

97 



pressure  of t h e  mercury and t h e - p r e s s u r e  which opposes gas 
pene t r a t ion  a r i s i n g  from-surface- tension fo rces .  Once t h i s  
pressure  i s  exceeded and t h e  hydrogen bubble begins  t o  expand 
i n t o  t h e  mercury f eed  l i n e ,  t h e  pressure  due t o  sur face- tens ion  
forces  i s  reduced, because t h e  mercury feed  l i n e  i s  of a l a r g e r  
diameter  than t h e  hydrogen feed  l i n e .  As t h e  mercury column 
i s  penet ra ted  f u l l y  by t h e  expanding bubble ,  t h e  flow of gas 
i s  no longer  opposed by p res su re  due t o  sur face- tens ion  fo rces ,  
and t h e  bubble expands f r e e l y  u n t i l  t h e  gas pressure  i n  t h e  
plenum i s  reduced t o  t h e  h y d r o s t a t i c  p re s su re  of t h e  mercury 
l i q u i d .  A t  t h i s  p o i n t  expansion of t h e  gas ceases, t h e  l i q u i d  
mercury column aga in  seals of f  t h e  hydrogen gas i n l e t  l i n e ,  and 
t h e  plenum pressure  begins  t o  rise t o  t h e  h igher  va lue  which 
i s  requi red  t o  i n j e c t  t h e  nex t  bubble.  The only power requi red  
for t h i s  mode of opera t ion  i s  t h a t  which h e a t s  t h e  i r o n  p lug  
through which t h e  hydrogen gas d i f f u s e s  i n t o  t h e  plenum cham- 
ber .  I f ,  i n  a f u t u r e  des ign ,  t h i s  i r o n  p lug  can be rep laced  
by a d i f f u s i o n  element which opera tes  a t  normal ambient t e m -  
pe ra tu re ,  t h e  hydrogen-bubble high-vol tage i s o l a t o r  can be  
opera ted  wi th  no expendi ture  of e lectr ical  power. 

2 .  Breadboard Flow System 

A breadboard flow system w a s  assembled f o r  a f i n a l  demon- 
s t r a t i o n  of component u t i l i t y  and system compat ib i l i ty .  The 
system i s  shown i n  Fig.  38 and c o n s i s t s  of (1) a gas- 
pressur ized  p o s i t i v e  expuls ion  mercury r e s e r v o i r ,  ( 2 )  an EM 
pump, ( 3)  a hydrogen-bubble high-vol tage i s o l a t o r ,  ( 4) 
s ing le -cap i l l a ry  flow impedances SC-3 o r  SC-4, and (5 )  t h e  
30-cm thermally i n t e g r a t e d  t h r u s t e r  opera ted  w i t h  high- 
temperature LM cathode K - 5 1 .  The func t ion  of t h e  components 
of t h i s  system i s  descr ibed  below. 

To a s su re  complete u t i l i z a t i o n  of liquid-mercury propel- 
l a n t  i n  a zero-gravi ty  environment, some form of p o s i t i v e  ex- 
pu ls ion  r e s e r v o i r  w i l l  probably be  requi red .  I n  p r a c t i c e ,  t h e  
appearance of t h e  r e s e r v o i r  would undoubtedly be d i f f e r e n t ’  
from t h a t  shown schemat ica l ly  i n  Fig. 38, b u t  i t s  func t ion  
would be  q u i t e  s imilar .  T o  s e rve  as a d r i v i n g  fo rce ,  p ressur -  
i z e d  n i t rogen  i s  app l i ed  above a p i s t o n  p res s ing  on t h e  mercu- 
r y  su r face .  The p i s t o n  p o s i t i o n  i s  measured w i t h  a d i a l  in -  
d i c a t o r  ( c a l i b r a t e d  t o  0 . 0 0 1  i n .  o r  0.000,l i n . )  contac t ing  
the  top  of t h e  p i s t o n  s h a f t .  This  s e rves  as an i n d i c a t i o n  of 
mercury consumption and y i e l d s  an accura te  measure of t h e  
mercury flow rate. 

The  l i q u i d  mercury i s  expel led  a t  a pressure  approximate- 
l y  equal  t o  t h a t  of t h e  n i t rogen  gas on top  of t h e  p i s ton .  A s  
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needed t o  vary t h e  mercury flow rate,  t h e  mercury pressure  
can be v a r i e d  by means of t h e  EM gump located downstream of 
t h e  pos i t ive-expuls ion  r e s e r v o i r .  

Before reaching the-  s i n g l e - c a p i l l a r y  flow impedance, t h e  
mercury passes  f irst  through t h e  hydrogen-bubble high-voltage 
i s o l a t o r ,  which e l e c t r i c a l l y  isolates t h e  t h r u s t e r  from i ts  
e x p e l l a n t  supply.  This c a p a b i l i t y  i s ,  of - importance where 
s e v e r a l  t h r u s t e r s  i n  an a r r a y  sha re  a-common e x p e l l a n t  feed 
system. The hydrogen-bubble high-voltage i s o l a t o r  must be 
placed upstream of t h e  flow impedance t o  guarantee uniform 
f l o w  a t  t h e  LM cathode i n  s p i t e  of t h e  a l t e r n a t e  i n j e c t i o n  
and evacuat ion of hydrogen bubbles from t h e  flow l i n e .  

The s i n g l e - c a p i l l a r y  flow impedance w a s  descr ibed i n  de- 
t a i l  i n  t h e  preceding s e c t i o n .  I t s  func t ion  i s  t o  e s t a b l i s h  
a mercury flow rate  which bears  a l i n e a r  r e l a t i o n  t o  t h e  ap- 
p l i e d  pressure .  The c h a r a c t e r i s t i c s  of t h e  s i n g l e - c a p i l l a r y  
flow impedance are s u f f i c i e n t l y  l i n e a r  and r epea tab le  t o  be 
used both f o r  flow c o n t r o l  and flow measurement, al though i n  
t h i s  a p p l i c a t i o n  it w a s  used only f o r  c o n t r o l .  A f i l t e r  (con- 
s i s t i n g  of a 0.0125 c m  t h i c k  s t a i n l e s s  s tee l  diaphragm having 
t e n  0 .0025 c m  ho le s  through it near  t h e  c e n t e r )  is placed up- 
stream of t h e  s i n g l e - c a p i l l a r y  impedance. 

* 
Operation of t h e  breadboard flow system revealed t h a t  l o c a t i o n  
of t h e  EM pump upstream of t h e  hydrogen-bubble high-voltage 
i s o l a t o r  had been an inopportune choice.  The hydrogen-bubble 
high-voltage i s o l a t o r  i s  designed t o  opera te  c l o s e  t o  a d e l i -  
c a t e  balance between t h e  pressure  of t h e  l i q u i d  mercury and 
t h e  p re s su re  of t h e  hydrogen gas.  I f  t h e  EM pump i s  loca ted  
as shown i n  Fig. 3 8 ,  t h e  i s o l a t o r  reacts t o  a pressure  de- 
crease by i s s u i n g  a p l u r a l i t y  of bubbles,  and t o  a pressure  
inc rease  by f a i l i n g  t o  i s s u e  a bubble f o r  a cons iderable  length 
of t i m e  (poss ib ly  causing a temporary s h o r t - c i r c u i t  condi t ion)  . 
Unfortunately,  it w a s  too late t o  relocate t h e  EM pump w i t h i n  
t h e  du ra t ion  of t h e  c o n t r a c t ,  and thus t h e  EM pump w a s  no t  
e l e c t r i c a l l y  ac tua t ed  while  t h e  system test  w a s  i n  progress .  
I n  f u t u r e  systems, t h e  EM pump w i l l  be  located between t h e  
high-voltage i s o l a t o r  and t h e  s i n g l e - c a p i l l a r y  flow impedance. 
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Sing le -cap i l l a ry  flow impedance- SC-3 w a s  used t o  e s t a b l i s h  
t h e  f a c t  t h a t  a l l  components of t h e  l iquid-mercury breadboard 
feed system w e r e  ope ra t ing  toge the r  properly.  Simultaneously,  
i n  a s e p a r a t e  vacuum enclosure ,  t h e  30-cm thermally i n t e g r a t e d  
t h r u s t e r  w a s  operated with s ingle-capiPlary-fed LM cathode K-51. 
Mercury f l o w  t o  LM cathode K-51-was regnPated- by s ing le -  
c a p i l l a r y  impedance SC-4 dr iven  by a s e p a r a t e  gas-pressurized 
mercury expuls ion system. A f t e r  both t h e  t h r u s t e r  (with i t s  
own mercury feed  system) and t h e  breadboard mercury feed  sys- 
t e m  had demonstrated s e p a r a t e l y  t h a t  they w e r e  func t ion ing  
proper ly ,  t h e  p re s su r i zed  mercury from t h e  breadboard system 
w a s  d i v e r t e d  i n t o  t h e  feed  system of t h e  30-cm t h r u s t e r .  

bubble high-voltage i s o l a t o r  w a s  operated i n  t h e  clock-timer 
mode w i t h  the  plenum h e a t e r  pu lsed  on every 7-1/2 min f o r  a 
du ra t ion  of 1-1/2 min. A t  t h i s  ra te ,  a bubble would t r a v e l  
about one-half of t h e  length  of t h e  i n s u l a t i n g  s e c t i o n  of t h e  
mercury feed l i n e  when t h e  next  bubble was generated.  The 
flow system has demonstrated reliable opera t ion ,  and the  
cathode-impedance combination has continued t o  opera te  repeat-  
ably a t  a l l  t i m e s .  T h e  success fu l  opera t ion  of the LM cathode 
t h r u s t e r  w i t h  the prototype l iquid-metal  feed  system c o n s t i t u t e s  
a new level of readiness  f o r  t h e  LM cathode t h r u s t e r  system. 

For t e s t i n g  the  LM cathode t h r u s t e r  system, t h e  hydrogen- 
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SECTION V I  

CONCLUSIONS 

The LM cathode electron-bombardment t h r u s t e r  has demon- 
s t r a t e d  t h e  va r ious  c a p a b i l i t i e s  which are r equ i r ed  for t h e  
c r e a t i o n  of a v i a b l e  t h r u s t e r  system. Proceeding f r o m  now ex- 
i s t i n g  technology, a l abora to ry  t h r u s t e r  system can  be b u i l t  
which imposes minimal requirements on e x t e r n a l  c i r c u i t r y  f o r  
a c c u r a t e  cont ro l  whi le  s imultaneously imposing minimal con- 
s t r a i n t s  on i t s  e x t e r n a l  environment. T h e  t h r u s t e r  has been 
shown t o  be thermal ly  s e l f - s u f f i c i e n t  w i t h  demonstration of 
e f f i c i e n t  ope ra t ion  of t h e  30-cm t h r u s t e r  i nco rpora t ing  a 
s ing le -cap i l l a ry - fed  thermal ly  i n t e g r a t e d  LM cathode. By 
j o i n i n g  t h e  30-cm thermal ly  i n t e g r a t e d  t h r u s t e r  wi th  a bread- 
board liquid-mercury feed  system and an  LM cathode n e u t r a l i z e r ,  
gn over-all t h r u s t e r  system e f f i c i e n c y  1 1 ~  = 72 .6% has been 
demonstrated a t  a s p e c i f i c  impulse ISpfeff = 3990 sec. T h i s  
e f f i c i e n c y  equa l s  t h e  performance o r i g i n a l l y  a n t i c i p a t e d  for  
t h e  ope ra t ion  of o t h e r  electron-bombardment t h r u s t e r  t ypes  
f o r  t h e  yea r  1 9 7 0 ,  and as such r e p r e s e n t s  h igh ly  competi t ive 
performance. 
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SECTION V I 1  

RECOIvBENDATIONS AND FUTURE PLANS 

The devices  and technology which now e x i s t  s e rve  as a 
f i rm  b a s i s  upon which t o  extend t h e  l e v e l  of s o p h i s t i c a t i o n  
of each of  t h e  components and t o  b r ing  t h e  components to-  
ge the r  i n t o  a r e l i a b l e  and use fu l  t h r u s t e r  system. The e x i s t -  
ing  20-cm LM cathode t h r u s t e r  and t h e  e x i s t i n g  30-cm thermally 
i n t e g r a t e d  LM cathode t h r u s t e r  t oge the r  have demonstrated t h e  
c a p a b i l i t y  f o r  ope ra t ion  of a thermally i n t e g r a t e d  LM cathode 
t h r u s t e r  which i s  optimized for opera t ion  over a range of beam 
c u r r e n t .  The e f f i c a c y  of t h e  thermal design of  t h e  30-cm t h r u s t e r  
should be evaluated by comparison of t h e  p r e d i c t i o n s  of thermal 
a n a l y s i s  with measured t h r u s t e r  temperatures.  T h i s  comparison 
w i l l  be usezul  f o r  improving t h e  procedures of thermal a n a l y s i s  
which w i l l  be employed i n  t h e  des ign  of new LM cathode t h r u s t e r s .  
Wherever d e f i c i e n c i e s  have been uncovered i n  p a s t  opera t ion  of 
any system component, t h e  component should be redesigned and 
r e f a b r i c a t e d  with emphasis placed on r e l i a b i l i t y ,  t h r u s t e r  system 
compa t ib i l i t y ,  and ease  of opera t ion .  

The LM cathode n e u t r a l i z e r  has  shown promise t h a t  it i s  
capable of long l i f e t i m e  s i m i l a r  t o  khat exh ib i t ed  by t h e  main 
t h r u s t e r  cathode, while  ope ra t ing  under condi t ions  which sub- 
t rac t  l i t t l e  from t h e  ove r -a l l  e f f i c i e n c y  of t h e  t h r u s t e r  sys- 
t e m .  I n  t h e  p a s t ,  LM cathode n e u t r a l i z e r s  have u t i l i z e d  a 
copper feed channel t o  s t a b i l i z e  t h e  mercury flow upstream of 
t h e  molybdenum pool-keeping s t r u c t u r e .  Although n e u t r a l i z e r  
ope ra t ing  l i f e  i n  excess of 500 hours and s h e l f  l i f e  ( i n  con- 
t ac t  w i t h  mercury) i n  excess of 6 ,500  hours has been demon- 
s t r a t e d ,  amalgamation of t he  copper may r e s u l t  i n  an insuf -  
f i c i e n t l y  long l i f e  f o r  t h i s  conf igura t ion .  Research is  neces- 
sa ry  t o  e s t a b l i s h ,  and poss ib ly  t o  extend, t h e  l i f e t i m e  of LM 
cathode n e u t r a l i z e r  systems. I n  a promising new design,  an 
all-molybdenum LM cathode n e u t r a l i z e r  i s  expected t o  achieve 
adequate flow s t a b i l i t y  by v i r t u e  of  being f ed  by a s ing le -  
c a p i l l a r y  flow impedance. T h i s  design is  expected t o  r e s u l t  
i n  a very long l i f e t i m e  c a p a b i l i t y .  
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SECTION V I 1 1  

INVENTIONS AND NEW TECHNOLOGY 

A. FIRST QUARTER 

An invent ion,  which had been conceived p r i o r  t o  t h e  con- 
t rac t  s t a r t  d a t e ,  has  been reduced t o  p r a c t i c e  with work which 
began during t h e  f i r s t  q u a r t e r  o f  t h e  s u b j e c t  c o n t r a c t  e f f o r t .  

LM Cathode wi th  a Single-Capi l lary Flow Impedance (Pa ten t  
Docket N o .  P D  68277) 

Inventor:  J. Hyman, Jr. 

Progress  Reports: F i r s t  Quarter ly  Report on t h i s  c o n t r a c t ,  
1 5  May 1968, pp. 21-23; Second Q u a r t e r l y  Report on t h i s  
c o n t r a c t ,  15  August 1968, pp. 23-29; Third Q u a r t e r l y  Re- 
p o r t  on t h i s  c o n t r a c t ,  15  November 1968, pp. 27-36; and 
t h i s  r epor t .  

B .  SECOND QUARTER 

During t h e  second q u a r t e r  of t h e  s u b j e c t  c o n t r a c t  e f f o r t ,  
two i t e m s  of new technology have been reduced t o  p r a c t i c e .  

1. Linear -Sl i t  LM Cathode 

Innovator:  W ,  0. Eckhardt 

Progress  Reports: F i r s t  Q u a r t e r l y  Report on t h i s  
c o n t r a c t ,  15 May 1968, pp. 18 & 19; Second Q u a r t e r l y  
Report on t h i s  c o n t r a c t ,  1 5  August 1968, p. 1 4 ;  
Third Q u a r t e r l y  Report on t h i s  c o n t r a c t ,  15 November 
1968, pp. 9-11; and t h i s  r epor t .  

2 .  30-cm Thermally-Integrated Electron-Bombardment 
Thruster  Using a n  LM Cathode 

Innovator:  J. Hyman, Jr. 

Progress  Reports:  F i r s t  Q u a r t e r l y  Report on t h i s  con- 
t ract ,  15 May 1968, pp. 35-37; Second Q u a r t e r l y  Report 
on t h i s  con t r ac t ,  15 August 1968, pp. 3-10; Third 
Q u a r t e r l y  Report on t h i s  c o n t r a c t ,  15 November 1968, 
pp. 9-11; and t h i s  r epor t .  
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C. THIRD QUARTER 

No repor t ab le  i t e m s  of  new technology w e r e  i d e n t i f i e d  
during t h e  t h i r d  q u a r t e r  of t h e  s u b j e c t  e f f o r t .  

D. FOURTH QUARTER 

During t h e  f i n a l  q u a r t e r  of t h e  s u b j e c t  c o n t r a c t  e f f o r t ,  
an invent ion  was conceived and reduced t o  p r a c t i c e .  

F l u i d i c  Bubble I n j e c t o r  (with app l i ca t ion  t o  High-Voltage 
Isolators f o r  Liquid Metal Feed L i n e s ) ,  ( P a t e n t  Docket 
N o .  P D  69113) 

Inventor:  J. Hyman, Jr. 

Progress  Report : T h i s  r epor t .  

A l l  invent ions  and i t e m s  of  new technology have been re- 
ported t o  t h e  NASA Western Operations Off ice .  
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